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© Hydrogen producing apparatus. 

© Disclosed is a hydrogen producing apparatus for 
producing hydrogen on an industrial scale through 
steam reforming reactions and for separating prod- 
uct hydrogen using a hydrogen permeable mem- 
brane, comprising nested outer, intermediate and 



inner cylinders, as well as a combustion burner 
disposed toward the inside of the inner cylinder, a 
catalyst layer between the intermediate and inner 
cylinders, hydrogen-permeable tubes disposed in 
the catalyst layer, and sweep gas supply tubes. The 
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raw material gas is converted into hydrogen at a separated and collected, and the hydrogen having 

high temperature, the produced hydrogen permeates permeated is accompanied by the sweep gas to be 

the hydrogen-permeable tube so as to be selectively conducted out of the apparatus. 
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BACKGROUND OF THE INVENTION 

1. Field of the Invention 

This invention relates to an industrial scale 
hydrogen producing apparatus which manufactures 
hydrogen from a mixed gas of steam and either 
hydrocarbons or methanol through a steam reform- 
ing reaction. More specifically, this invention relates 
to an industrial scale hydrogen producing appara- 
tus for obtaining hydrogen of sufficiently high purity 
for use in solid polymer fuel cells (polymer fuel 
cells) at low reaction temperatures. 

2. Description of the Related Art 

The content of CO in hydrogen for fuel ceils, in 
particular solid polymer fuel cells, is preferably less 
than 10 ppm. Hydrogen obtained from naphtha, 
natural gas and town gas through a steam reform- 
ing reaction has low purity and is not, as it is, 
suitable for fuel cells. Hydrogen obtained through 
steam reforming reactions is often further refined in 
a carbon monoxide reformer and a hydrogen re- 
finer to boost the hydrogen purity to a desired 
degree. 

This approach to obtaining high-purity hydro- 
gen requires complex manufacturing processes. 
These processes require high temperature and 
high pressure equipment and significant heat en- 
ergy, with resultant high production cost. Hydrogen 
produced through such processes cannot be ec- 
onomically used in fuel cells. 

As disclosed in documents, such as Japanese 
Patent Provisional Publication (Kokai) No. 61- 
17401, proposals have been made to obtain high 
purity hydrogen using permeable membranes 
which is selectively permeable to hydrogen. 

The above Provisional Publication, for example, 
disclosed a method and an apparatus for continu- 
ously separating generated hydrogen through a 
selective hydrogen-permeable partitioning wall, 
from a reaction space which is at a temperature of 
500-1 000 *C. This method and the required equip- 
ment can be applied to CH*/H 2 0 reforming reac- 
tions or reactions for producing water gas. The 
publication explained that it is possible to separate 
high purity hydrogen through this method. 

Published documents, including the above pub- 
lication, disclose a hydrogen producing apparatus 
on the scale of a laboratory, with its schematic 
chart shown in Figure 9. In the conventional hy- 
drogen producing apparatus shown in Figure 9, 
reference numeral 90 indicates the reaction tube, 
92 the reforming catalyst layer, and 94 the hy- 
drogen permeation tube. The mixture of steam and 
hydrocarbon gas is introduced from below in the 
direction indicated by arrow X, reformed in the 
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reforming catalyst layer 92, and hydrogen gas is 
generated. This hydrogen gas permeates the hy- 
drogen-permeable tube 94 and flows out from the 
section marked with arrow Y. The reformed gas 
5 from which hydrogen has been removed flows out 
from the section indicated by arrow Z. 

These published documents disclose hardly 
any method or means to boost the scale of labora- 
tory apparatuses to an industrial level. It has not 
70 yet been determined how industrial scale produc- 
tion can be achieved using these laboratory-level 
technologies. 

Many technical problems must be overcome to 
establish an economical hydrogen producing ap- 
75 paratus to boost the laboratory technologies for 
industrial-scale application. 

One conceivable method to create a larger 
apparatus would involve arranging many parallel 
reaction tubes equipped with hydrogen permeation 
20 tubes in the reforming catalyst layer, such as the 
one shown in Figure 9, and linking each inlet and 
outlet of these tubes with headers, so as to form a 
multi-tube reaction apparatus. This apparatus would 
have a large and complex structure, with low effi- 
25 ciency, low controllability and low heat efficiency. 
Constructing such a system would also require a 
large quantity of materials and would be difficult, 
and the equipment would thus be costly and un- 
competitive. 

30 The engineering issues, such as how separa- 

tion means using hydrogen-permeable membranes 
could be structured or how the sections for reac- 
tions could be heated, are extremely important in 
increasing the scale of the apparatus. However, no 

35 specific examples or solutions for these problems 
have been indicated. 

In order to make practical use of fuel cells a 
reality, it is also extremely important to supply low 
cost, high purity hydrogen. Creating hydrogen pro- 

40 duction techniques which are capable of producing 
high purity hydrogen on an industrial scale at low 
cost has been considered as a crucial, unresolved 
issue. 

45 SUMMARY OF THE INVENTION 

Given this background, the objective of the 
invention is to provide an industrial hydrogen pro- 
ducing apparatus having a novel structure, based 
50 on a laboratory-scale facility designed to separate 
and recover hydrogen generated through steam 
reforming reactions, by letting hydrogen pass 
through a selective hydrogen-permeable partition- 
ing wall 

55 In order to achieve this goal this invention 

generally provides a hydrogen producing apparatus 
which comprises:an outer cylinder; an intermediate 
cylinder; an inner cylinder, the intermediate and 
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inner cylinders being positioned within the outer 
cylinder in turn so as to be superimposed over one 
another; a combustion burner disposed toward the 
inside of the inner cylinder; wherein the intermedi- 
ate and inner cylinders are joined together at one 
end to form a closed circular portion, and a first 
annular space defined by the outer and intermedi- 
ate cylinders is in communication with a inner 
cylinder inside space formed inside the inner cyl- 
inder; a catalyst layer formed by filling a reforming 
catalyst in a second annular space defined by the 
intermediate and inner cylinders; a hydrogen-per- 
meabJe tube having hydrogen permeability and dis- 
posed in the catalyst layer in the second annular 
space; and a sweep gas tube having an open end 
and disposed within the hydrogen-permeable tube; 
whereby a raw material gas is introduced into the 
reforming catalyst layer in the second annular 
space so as to convert the raw material gas into 
hydrogen at a high temperature, the produced hy- 
drogen permeates the hydrogen-permeable tube so 
as to be selectively separated and collected, and 
the hydrogen having permeated is accompanied by 
sweep gas to be conducted out of the apparatus. 

According to a first aspect of this invention, 
provided is a hydrogen producing apparatus in 
which hydrogen produced from a steam reforming 
reaction is separated and collected by passing 
through a partitioning wall having selective per- 
meability to hydrogen, said apparatus comprising: 

an upright outer cylinder having a closed bot- 
tom; 

an intermediate cylinder and an inner cylinder 
disposed inside the outer cylinder in an upright and 
superimposed manner, the inner cylinder being in- 
side the intermediate cylinder; 

a drooping combustion burner located on the 
ceiling wall of the inner cylinder; wherein the inner 
and intermediate cylinders define an inner annular 
space and an annular bottom with lower ends of 
the inner and intermediate cylinders being joined 
together, and the outer and intermediate cylinders 
define an outer annular space which is in commu- 
nication with an inner cylinder inside space formed 
inside the inner cylinder at bottom portions of the 
cylinders; 

a catalyst layer formed by filling a reforming 
catalyst in the inner annular space; 

a plurality of hydrogen-permeable tubes having 
a hydrogen-permeable metal membrane on an in- 
organic porous layer, and the hydrogen-permeable 
cylinders being disposed in the inner annular space 
in an upright manner arranged along a circum- 
ference of the inner annular space; and 

a sweep gas tube having an open lower end 
and disposed within each of the hydrogen-per- 
meable tubes; 

whereby a raw material gas is introduced from 



a bottom of the inner annular space and flows 
upward in the reforming catalyst layer, so that the 
gas is converted into hydrogen at a high tempera- 
ture, the produced hydrogen permeates the hy- 

5 drogen-permeable tube and is selectively sepa- 
rated and collected, and the hydrogen having per- 
meated is accompanied by sweep gas introduced 
from an upper portion of an annular space defined 
between the hydrogen-permeable tube and a 

io sweep gas tube to be conducted through the 
sweep gas tube out of the apparatus from a top 
portion of the sweep gas tube. 

According to a second aspect of this invention, 
provided is a hydrogen producing apparatus, in 

75 which hydrogen produced from a steam reforming 
reaction is separated and collected by passing 
through a partitioning wall having selective per- 
meability to hydrogen, said apparatus comprising: 
an upright outer cylinder having a closed bot- 

20 torn; 

an intermediate cylinder and an inner cylinder 
disposed inside the outer cylinder in an upright and 
superimposed manner, the inner cylinder being in- 
side the intermediate cylinder; 

25 a drooping combustion burner located on the 

ceiling wall of the inner cylinder; 

a first annular space defined by the outer and 
intermediate cylinders being in communication with 
an inner cylinder inside space formed inside the 

30 inner cylinder at bottom portions thereof, and the 
intermediate cylinder and the inner cylinder defin- 
ing a second annular space having a closed an- 
nular bottom formed by joining lower ends of the 
intermediate and inner cylinders; 

35 a catalyst layer formed by filling a reforming 

catalyst in the second annular space; wherein a 
double-walled hydrogen-permeable cylinder has a 
hydrogen-permeable metal membrane on an in- 
organic porous layer and has outer, inner, and 

40 annular-bottom walls so as to form a third annular 
space, and the double-walled hydrogen-permeable 
tubes is disposed in the catalyst layer in an annular 
manner within the second annular space and in a 
substantially upright manner; 

45 a sweep gas tube having an open lower end 

and disposed in the third annular space; 

whereby a raw material gas is introduced from 
a top of the second annular space and flows down- 
ward in the reforming catalyst layer, so that the gas 

so is converted into hydrogen at a high temperature, 
the produced hydrogen permeates the double- 
walled hydrogen-permeable tube and is selectively 
separated and collected, and the hydrogen having 
permeated is accompanied by sweep gas intro- 

55 duced from an upper portion of an annular space 
defined between the hydrogen-permeable tube and 
a sweep gas tube to be conducted through the 
sweep gas tube out of the apparatus from a top 
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portion of the sweep gas tube. 

According to a third aspect of this invention, 
provided is a hydrogen producing apparatus, in 
which hydrogen produced from a steam reforming 
reaction is separated and collected by passing 
through a partitioning wall having selective per- 
meability to hydrogen, said apparatus comprising: 

an upright outermost cylinder having a closed 
bottom; 

an outer cylinder, an intermediate cylinder and 
an inner cylinder disposed inside the outermost 
cylinder in an upright and superimposed manner, 
the inner cylinder being located inside the inter- 
mediate cylinder, the intermediate cylinder being 
located inside the outer cylinder, and the inner 
cylinder and the outer cylinder being joined to- 
gether at their bottom ends so as to form a closed 
annular bottom; 

a drooping combustion burner located on the 
ceiling wall of the inner cylinder; 

a first annular space defined by the outermost 
and outer cylinders being in communication with an 
inner cylinder inside space formed inside the inner 
cylinder at bottom portions thereof, and a second 
annular space defined by the outer and intermedi- 
ate cylinders being in communication with a third 
annular space defined by the intermediate and 
inner cylinders at bottom portions thereof; 

a catalyst layer formed by filling a reforming 
catalyst in the third annular space; wherein a plural- 
ity of hydrogen-permeable cylinders has a hydro- 
gen-permeable metal membrane on an inorganic 
porous layer, and the hydrogen-permeable cylin- 
ders is disposed in the third annular space in an 
upright manner arranged along a circumference of 
the third annular space; and 

a sweep gas tube having an open lower end 
and disposed in each hydrogen-permeable tube; 

whereby a raw material gas is introduced from 
a top of the second annular space and conducted 
into the reforming catalyst layer in the third annular 
space from a bottom thereof, so that the gas is 
converted into hydrogen at a high temperature, the 
produced hydrogen permeates the hydrogen-per- 
meable tube and is selectively separated and col- 
lected, and the hydrogen having permeated is ac- 
companied by sweep gas introduced from an up- 
per portion of an annular space defined between 
the hydrogen-permeable tube and a sweep gas 
tube to be conducted through the sweep gas tube 
out of the apparatus from a top portion of the 
sweep gas tube. 

According to a fourth aspect of this invention, 
provided is a hydrogen producing apparatus, in 
which hydrogen produced from a steam reforming 
reaction is separated and collected by passing 
through a partitioning wall having selective per- 
meability to hydrogen, said apparatus comprising; 



an upright outermost cylinder having a closed 
bottom; 

an outer cylinder, an intermediate cylinder and 
an inner cylinder disposed inside the outermost 

5 cylinder in an upright and superimposed manner, 
the inner cylinder being located inside the inter- 
mediate cylinder, the intermediate cylinder being 
located inside the outer cylinder, and the inner 
cylinder and the outer cylinder being joined to- 

w gether at their bottom ends so as to form a closed 
annular bottom; 

a drooping combustion burner located on the 
ceiling wall of the inner cylinder; wherein a first 
annular space defined by the outermost and outer 

75 cylinders is in communication with an inner cyl- 
inder inside space formed inside the inner cylinder 
at bottom portions thereof, and a second annular 
space defined by the outer and intermediate cyl- 
inders is in communication with a third annular 

20 space defined by the intermediate and inner cyl- 
inders at bottom portions thereof; 

first and second catalyst layers formed by fill- 
ing a reforming catalyst in the second and third 
annular spaces, respectively; 

25 a plurality of hydrogen-permeable cylinders 

having a hydrogen-permeable metal membrane on 
an inorganic porous layer, the hydrogen-permeable 
cylinders being disposed in the third annular space 
m an upright manner arranged along a circum- 

30 ference of the third annular space; and 

a sweep gas tube having an open lower end 
and disposed in each hydrogen-permeable tube; 

whereby a raw material gas is introduced from 
a top of the third annular space and flows down- 

35 ward in the second catalyst layer, so that the gas is 
converted into hydrogen at a high temperature, and 
subsequently the raw material gas is conducted 
into the first catalyst layer so that an unreacted 
portion of the gas is converted into hydrogen, the 

40 produced hydrogen permeates the hydrogen-per- 
meable tube and is selectively separated and col- 
lected, and the hydrogen having permeated is ac- 
companied by sweep gas introduced from an up- 
per portion of an annular space defined between 

45 the hydrogen-permeable tube and a sweep gas 
tube to be conducted through the sweep gas tube 
out of the apparatus from a top portion of the 
sweep gas tube. 

According to a fifth aspect of this invention. 

so provided is a hydrogen producing apparatus, in 
which hydrogen produced from a steam reforming 
reaction is separated and collected by passing 
through a partitioning wall having selective per- 
meability to hydrogen, said apparatus comprising: 

55 an upright outer cylinder closed at a top there- 

of with a ceiling wall; 

an intermediate cylinder and an inner cylinder 
disposed inside the outer cylinder in an upright and 
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superimposed manner, the inner cylinder being lo- 
cated inside the intermediate cylinder, 

an upright combustion burner located on the 
bottom wall of the inner cylinder, the burner pro- 
ducing upwardly directed flame; wherein the inter- 
mediate and inner cylinders define an inner annular 
space and form a close annular connecting top 
portion with top ends of the intermediate and inner 
cylinder being joined together, and an outer an- 
nular cylinder defined by the outer and intermedi- 
ate cylinders is in communication with an inner 
cylinder inside space formed inside the inner cyl- 
inder at top portions thereof; 

a catalyst layer formed by filling a reforming 
catalyst in the inner annular spaces; 

a plurality of hydrogen-permeable cylinders 
having a hydrogen-permeable metal membrane on 
an inorganic porous layer, the hydrogen-permeable 
cylinders being disposed in the catalyst layer in a 
substantially upright manner arranged along a cir- 
cumference of the inner annular space; and 

a sweep gas tube having an open upper end 
and disposed in each hydrogen-permeable tube; 

whereby a raw material gas is introduced from 
a top of the inner annular space and flows down- 
ward in the catalyst layer, so that the gas is con- 
verted into hydrogen at a high temperature, the 
produced hydrogen permeates the hydrogen-per- 
meable tube and is selectively separated and col- 
lected, and the hydrogen having permeated is ac- 
companied by sweep gas introduced from a lower 
portion of an annular space defined between the 
hydrogen-permeable tube and a sweep gas tube to 
be conducted through the sweep gas tube out of 
the apparatus from a bottom portion of the sweep 
gas tube. 

According to a sixth aspect of this invention, 
provided is a hydrogen producing apparatus, in 
which hydrogen produced from a steam reforming 
reaction is separated and collected by passing 
through a partitioning wall having selective per- 
meability to hydrogen, said apparatus comprising: 

an upright outer cylinder closed at a top there- 
of with a ceiling wall; 

an intermediate cylinder and an inner cylinder 
disposed inside the outer cylinder in an upright and 
superimposed manner, the inner cylinder being in- 
side the intermediate cylinder; 

an upright combustion burner located on the 
bottom wall of the inner cylinder, the burner pro- 
ducing upwardly directed flame; wherein a first 
annular space defined by the outer and intermedi- 
ate cylinders is in communication with an inner 
cylinder inside space formed inside the inner cyl- 
inder at top portions thereof, and the intermediate 
and inner cylinders define a second annular space 
having a closed annular top formed by joining 
upper ends of the intermediate and inner cylinders; 



a catalyst layer formed by filling a reforming 
catalyst in the second annular space; 

a double-walled hydrogen-permeable cylinder 
having a hydrogen-permeable metal membrane on 
5 an inorganic porous layer and having outer, inner, 
and annular-top walls so as to form a third annular 
space, the double-walled hydrogen-permeable 
tubes being disposed in the catalyst layer in an 
annular manner within the second annular space 
ro and in a substantially upright manner; 

a sweep gas tube having an open upper end 
and disposed in the third annular space; 

whereby a raw material gas is introduced from 
a lower portion of the second annular space and 
75 flows upward in the reforming catalyst layer, so that 
the gas is converted into hydrogen at a high tem- 
perature, the produced hydrogen permeates the 
double-walled hydrogen-permeable tube and is se- 
lectively separated and collected, and the hydro- 
20 gen having permeated is accompanied by sweep 
gas introduced from a lower portion of an annular 
space defined between the hydrogen-permeable 
tube and a sweep gas tube to be conducted 
through the sweep gas tube out of the apparatus 
25 from a bottom portion of the sweep gas tube. 

According to a seventh aspect of this invention, 
provided is a hydrogen producing apparatus, in 
which hydrogen produced from a steam reforming 
reaction is separated and collected by passing 
30 through a partitioning wall having selective per- 
meability to hydrogen, said apparatus comprising: 

an upright outer cylinder closed at a top there- 
of with a ceiling wall; 

an outer cylinder, an intermediate cylinder and 
35 an inner cylinder disposed inside the outermost 
cylinder in an upright and superimposed manner, 
the inner cylinder being located inside the inter- 
mediate cylinder, the intermediate cylinder being 
located inside the outer cylinder, and the inner 
40 cylinder and the outer cylinder being joined to- 
gether at their bottom ends so as to form a closed 
annular bottom; 

an upright combustion burner located on the 
ceiling wall of the inner cylinder, the burner pro- 
45 ducing upwardly directed flame; wherein a first 
annular space defined by the outermost and outer 
cylinders is in communication with an inner cyl- 
inder inside space formed inside the inner cylinder 
at top portions thereof, and a second annular space 
so defined by the outer and intermediate cylinders is 
in communication with a third annular space de- 
fined by the intermediate and inner cylinders at top 
portions thereof; 

first and second catalyst layers formed by fill- 
55 ing a reforming catalyst in the second and third 
annular spaces, respectively; 

a plurality of hydrogen-permeable cylinders 
having a hydrogen-permeable metal membrane on 
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an inorganic porous layer, the hydrogen-permeable 
cylinders being disposed in the third annular space 
in an upright manner arranged along a circum- 
ference of the third annular space; and 

a sweep gas tube having an open upper end 
and disposed in each hydrogen-permeable tube; 

whereby a raw material gas is introduced from 
a lower portion of the third annular space and flows 
upward in the second catalyst layer, so that the gas 
is converted into hydrogen at a high temperature, 
and subsequently the raw material gas is con- 
ducted into the first catalyst layer so that an un- 
reacted portion of the gas is converted into hy- 
drogen, the produced hydrogen permeates the hy- 
drogen-permeable tube and is selectively sepa- 
rated and collected, and the hydrogen having per- 
meated is accompanied by sweep gas introduced 
from a lower portion of an annular space defined 
between the hydrogen-permeable tube and a 
sweep gas tube to be conducted through the 
sweep gas tube out of the apparatus from a bottom 
portion of the sweep gas tube. 

The raw material gas to be introduced into the 
hydrogen producing apparatus according to this 
invention is a mixture of steam, an alcohol such as 
methanol, and light hydrocarbons such as natural 
gas, naphtha and town gas. The reforming catalyst 
used in this invention can be any convention cata- 
lyst for the steam reforming manufacture of hy- 
drogen from the above mentioned raw material 
gas. 

The hydrogen producing apparatus according 
to this invention has a vertical furnace formed with 
the inner cylinder. The structure includes layered 
cylinders incorporating upright intermediate and 
outer cylinders disposed outside the inner cylinder. 
The apparatus sometimes has an outermost cyl- 
inder disposed outside outer, intermediate and in- 
ner cylinders. The inner annulus (including the sec- 
ond and third annuluses in certain cases) contains 
a catalyst layer filled with reforming catalyst. In- 
stalling hydrogen-permeable tubes (or double- 
walled hydrogen-permeable tubes in some cases) 
in the catalyst layer creates a reaction/separation 
process region. Cylindrical structures are prefer- 
able, because they ensure uniform thermal flux 
distribution in the radius direction within the struc- 
ture of concentric, layered cylinders, with the fur- 
nace located in the center. This prevents the gen- 
eration of hot spots at which temperature may 
exceed the limit the hydrogen permeation tubes 
can withstand. 

The raw material gas {process feed gas) is 
introduced into the inner annular space by means 
of conventional methods. The gas is modified into 
hydrogen when passing through the reforming 
catalyst layer. The hydrogen thus generated per- 
meates the hydrogen-permeable tubes and is 



swept along with sweep gas, introduced from the 
annulus formed between the hydrogen-permeable 
tube and the sweep gas tube. 

A typical method to introduce and dissipate the 
5 process feed gas would include arranging circular 
pipe headers with multiple spray nozzles around 
the circumference of the lower section of the inner 
annulus. 

The endothermic steam reforming reaction ab- 
w sorbs heat, necessitating a drooping combustion 
burner installed in the ceiling of the internal cyl- 
inder or an upright combustion burner install on the 
bottom thereof. The drooping combustion burner is 
designed with its flames directed downward, and 
75 conventional burners can be used for this purpose. 
The upright combustion burner produces upwardly- 
directed flames, and conventional burners can also 
be used as this type of burner. 

Installing a drooping combustion burner in the 
20 top section of the furnace lessens burner stains, 
reduces burner cleaning requirements, and simpli- 
fies inspection and maintenance. As no space 
needs to be provided below the burner's floor for 
burner inspection and maintenance, the total height 
25 of the furnace can be reduced, resulting in cost 
savings for the manufacture of the whole hydrogen 
producing apparatus. 

The combustion gas descends inside the inner 
cylinder and enters an annulus from the base of 
30 the inner cylinder. While ascending, the combus- 
tion gas heats the reforming catalyst layer in the 
internal annulus, and exits from the upper section 
of the external annulus. Heating the reforming cata- 
lyst layer from both sides ensures more uniform 
35 heating. 

An upright combustion burner installed in the 
base of the furnace will have upwardly directed 
flames, complying with the flame buoyancy direc- 
tion and with the combustion gas flow direction, 
40 thereby improving flame stability. The combustion 
gas rises in the space inside the inner cylinder, 
then enters the top of the external annulus. As it 
descends, the combustion gas heats the catalyst 
layer in the internal annulus, and exits from the 
45 lower section of the external annulus. The internal 
annulus catalyst layer is also heated uniformly as 
heat is applied from both sides. 

The hydrogen-permeable tube is equipped with 
a hydrogen-permeable metal membrane on a pe- 
so rous inorganic layer. The tube selectively allows 
hydrogen to permeate. The reaction apparatus, in- 
corporating the hydrogen-permeable tube, is called 
a membrane reactor, and this technology is already 
known. 

55 The double-walled hydrogen-permeable cylin- 

ders used in this invention have inner and outer 
walls, and are designed to make the membrane 
reactor more economical. 
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Methane is employed as a typical hydrocarbon 
to explain the operation of the hydrogen-permeable 
tube. The methane reforming reaction progresses 
at a reaction temperature of 500-1 000 *C until 
chemical equilibrium is reached. The reaction 
equation is 

Cl-U + H 2 0 ^ 3H 2 + CO 

The conversion is encouraged at the same 
temperature by separating the generated hydrogen 
from generated products via the hydrogen-perme- 
able tube, or by reducing the hydrogen partial 
pressure in the generated products, because ac- 
cording to the above equation, the chemical reac- 
tion proceeds further to the right hand side. In 
other words, the conversion efficiency can there- 
fore be increased without a rise in reaction tem- 
perature. Although conventional methane reforming 
methods require a reaction temperature of about 
800 ' C, the hydrogen producing apparatus accord- 
ing to this invention makes it possible to obtain the 
same conversion ratio at 500-600 "C, utilizing hy- 
drogen-permeable tubes or cylinders. 

The amount (Q H ) of hydrogen permeating per 
square centimeter of the hydrogen-permeable met- 
al membrane on the hydrogen-permeable tube is 
proportional to the difference between the square 
roots of the partial pressures of hydrogen before 
and after passing the membrane: (Ph) 1/2 - (Pl) 1/2 . 
This means: Q H = k {(Ph) 1/2 - (Pl) 1/2 }, where K is a 
constant. 

As mentioned, it is possible to shift the chemi- 
cal reaction to the right hand side of the equation 
by collecting hydrogen using hydrogen-permeable 
tubes (or a hydrogen-permeable cylinder). The re- 
forming temperature consequently can be dropped 
by 1 50-200 • C, significantly improving the thermal 
efficiency. Also, because the reaction temperature 
is low, the equipment can be constructed of in- 
expensive materials with relatively lower thermal 
resistance, thereby reducing costs. 

Also, it should be noted that while the raw 
material gas flows into the catalyst layer, the sweep 
gas flows in the opposite direction. The hydrogen 
partial pressure is therefore significantly lowered 
because the generated hydrogen is almost com- 
pletely swept in the area close to the catalyst layer 
outlet. Introducing the sweep gas improves the 
conversion efficiency of the entire reforming cata- 
lyst layer. The generated hydrogen collection effi- 
ciency is improved by the counter-current material 
transfer caused by the sweep gas in the hydrogen- 
permeable tube and reforming gas in the catalyst 
layer. Steam and inert gases such as nitrogen and 
helium can be used as the sweep gas in this 
hydrogen producing apparatus. 



The amount of hydrogen which permeates the 
hydrogen-permeable tube can be increased by 
raising the difference between the partial pressures 
of hydrogen on the prepermeation and after-perme- 

5 ation sides. This is done by circulating sweep gas 
on the after-permeation side to reduce the partial 
pressure of hydrogen. Other means to reduce the 
partial pressure of hydrogen on the after-perme- 
ation side include the use of a suction pump. 

to The hydrogen-permeable metal membrane on 

the hydrogen-permeable tube (or double-walled hy- 
drogen-permeable cylinders in some cases) selec- 
tively allows only hydrogen to permeate. As the 
hydrogen separated through the hydrogen-perme- 

15 able tube is extremely pure, it is suitable for use in 
the solid fuel molecular cells 

The 5-50 urn thick hydrogen-permeable metal 
membrane is formed on the inorganic porous layer, 
and is able to selectively permeate hydrogen. The 

20 inorganic porous layer functions as carrier to sup- 
port the hydrogen-permeable metal membrane. 
The 0.1-1 mm thick inorganic porous layer is cre- 
ated from materials such as ceramic, glass, or 
porous stainless steel, non-woven fabric. Single or 

25 multi-layer metal mesh is incorporated in the po- 
rous layer to boost its structural strength. Although 
there are no restrictions on the hydrogen-perme- 
able tube's dimensions, the most economical con- 
figuration is a 20 mm diameter cylinder. 

30 According to the fourth and seventh aspects of 

this invention described above, intermediate, outer 
and outermost upright cylinders can be nested 
outside the inner cylinder which forms a vertical 
furnace. In such an arrangement, the first and sec- 

35 ond catalyst layers are created by filling the sec- 
ond and third annuluses, respectively, with reform- 
ing catalyst. A reaction/separation region is created 
by installing a hydrogen-permeable tube in the first 
catalyst layer. Preferably, cylindrical vessels should 

40 be used because the structure of concentric cyl- 
inders with the furnace arranged in the center as- 
sists a uniform distribution of thermal flux in radial 
directions and also prevents the development of 
hot spots where the temperature may exceed the 

45 temperature limit of the hydrogen-permeable tube. 

As the raw material gas is heated, the reforma- 
tion of hydrocarbons progresses in the second 
catalyst layer. The gas flows into the first catalyst 
after the temperature and the partial pressure of 

so hydrogen reach maximum values near the catalyst 
layer outlet. The reforming reaction progresses fur- 
ther as hydrogen is extracted through the hydro- 
gen-permeable tube. The partial pressure of hy- 
drogen in the raw material gas significantly drops 

55 as it moves toward the outlet of the first catalyst 
layer. Therefore, the partial pressure of hydrogen is 
generally lower in the first catalyst layer. The tem- 
perature of the second catalyst layer is somewhat 
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higher around the inner cylinder than in the first 
catalyst layer because the inner cylinder forms the 
furnace wall in the center and is heated. Thus the 
distribution of temperature, hydrogen partial pres- 
sure, and gas composition varies in each catalyst 
layer. It is therefore preferable to select catalysts 
which are active and durable under the conditions 
found in each catalyst layers. However, a catalyst 
suitable for both the first and second catalyst lay- 
ers is actually available, a single catalyst may be 
used in both catalyst layers. 

The raw material gas (process feed gas) is 
introduced through the upper section of the third 
annulus and converted into hydrogen at high tem- 
peratures, as it flows through the second catalyst 
layer. This gas then flows into the bottom section 
of the first catalyst layer, where any gas which has 
not reacted is converted into hydrogen. The gen- 
erated hydrogen passes through the hydrogen-per- 
meable tube for selective separation and collection. 
The sweep gas enters the upper part of the an- 
nulus created between the hydrogen-permeable 
tube and the sweep gas tube. The sweep gas and 
hydrogen flow through the sweep gas tube and out 
of the hydrogen outlet. 

The process feed gas is reformed into hy- 
drogen at a high conversion efficiency as it passes 
through the high temperature second catalyst layer, 
which is located in the third annulus immediately 
inside the inner furnace cylinder composing a fur- 
nace. The reformed hydrogen is separated and 
collected through a hydrogen-permeable tube in 
the second annulus. Any portion of process feed 
gas which has not reacted is reformed in the first 
catalyst layer. Thus, the overall conversion effi- 
ciency is significantly improved. 

Furthermore, according to the fourth and sev- 
enth aspects of this invention, hydrogen is gen- 
erated in the second catalyst layer, but is not 
separated or collected through the hydrogen-per- 
meable tubes there. Therefore, the partial pressure 
of hydrogen in the product gas rises at the outlet of 
the second catalyst layer; that is, at the inlet of the 
first catalyst layer. This increases forces to transfer 
substances to improve the efficiency of separation 
and collection of hydrogen through the hydrogen- 
permeable tube in the first catalyst layer. It is 
therefore possible to reduce the area allotted for 
gas permeation. 

Also, when a taller and larger design is adopt- 
ed for a hydrogen producing apparatus the reform- 
ing catalyst layer and the hydrogen-permeable 
tube also have to be taller. As a result, the dif- 
ference in thermal expansion between the reform- 
ing catalyst layer and the hydrogen-permeable 
tube becomes significant. The consequent friction 
between the reforming catalyst layer and the hy- 
drogen-permeable tube may cause the reforming 



catalyst to become powder due to friction. In con- 
ventional hydrogen producing apparatuses, the up- 
per part of the hydrogen-permeable tube is fixed 
while the lower end is left free, permitting move- 

5 ment at the lower end. This causes notable pow- 
dering of the reforming catalyst as it is pressed 
and destroyed. 

However, the upper end of the hydrogen-per- 
meable tube in the hydrogen producing apparatus, 

io according to the fifth and seventh aspects of this 
invention, is free while its lower section is fixed. 
This eliminates pressure on or destruction of the 
reforming catalyst for taller hydrogen producing 
apparatuses, thereby reducing the likelihood of the 

T5 reforming catalyst powdering as a result of friction. 
The reforming catalyst layer can therefore be taller 
than in conventional apparatuses, enabling use of a 
comparatively low strength reforming catalyst in a 
large hydrogen producing apparatus. 

20 The hydrogen-permeable metallic membrane 

should preferably be made of a non-porous layer of 
an alloy containing Pd, V or N, such as: Pd- 
containing alloys including Pd-Ag alloys, Pd-Y al- 
loys, Pd-Ag-Au alloys; V-containing alloys including 

25 V-Ni alloys and V-Ni-Co alloys; and Ni-containing 
alloys including LaNi 5 alloys. A suitable manufac- 
turing method for the non-porous Pd layer is dis- 
closed in US Patent Nos. 3,155,467 and 2,773,561. 
In preferable embodiments, a cylindrical radiat- 

30 ing body should be placed to surround the frame 
formed by the combustion burner flame within the 
inner cylinder. The radiating body radiates heat to 
raise the temperature of the reforming catalyst lay- 
er, and this ensures the required heat flux is avail- 
as able and undesirable partial or uneven heating of 
the hydrogen-permeable tube is avoided. This also 
makes it possible to maintain a uniform tempera- 
ture distribution of the reforming catalyst layer. The 
temperature of the hydrogen-permeable tube 

40 should not be raised above 800 *C because of its 
heat resistance characteristics. 

The radiating body should preferably have a 
porous wall so that the combustion gas can flow 
through the porous wall to efficiently heat the ra- 

45 diating body. 

A dual arrangement comprising an inner cylin- 
drical radiating body and an outer cylindrical radiat- 
ing body is preferred as another example of the 
radiating body arrangement. In the first to fourth 

50 aspects of this invention, the combustion gas flows 
down inside the inner cylindrical radiating body, 
and then up the annulus created by the inner and 
outer radiating bodies, and down again in a space 
between the outer cylindrical radiating body and 

55 the inner cylinder mentioned above, so as to effi- 
ciently heat the radiating bodies. In the fifth to 
seventh aspects of this invention, the vertical flow 
of the combustion gas is turned up side down as 
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compared with the first to fourth aspects of the 
invention because the general arrangement of the 
whole apparatus including the burner is turned that 
way. 

In another preferable embodiment for the first 5 
to fourth aspects of the invention, the radiating 
body is preferably cylindrical and has an opening 
in its lower part, and the top of the radiating body 
is spaced apart from the ceiling of the inner cyl- 
inder. In this arrangement, the combustion gas can io 
flow downward inside the radiating body, and a part 
of the gas flows upward in an annular space de- 
fined by the inner cylinder and the radiating body 
via the opening, and the gas flows down again 
inside the radiating body via the gap formed be- 15 
tween the top of the radiating body and the ceiling 
of the inner cylinder, so as to circulate the inside 
and outside of the radiating body. 

On the other hand, for the fifth to seventh 
aspects of the invention, the radiating body is pref- so 
erably cylindrical and has an opening in its upper 
part, and the bottom of the radiating body is 
spaced apart from the bottom of the inner cylinder. 
In such arrangement, the combustion gas can flow 
upward inside the radiating body, and a part of the 25 
gas flows downward in an annular space defined 
by the inner cylinder and the radiating body via the 
opening, and the gas flows up again inside the 
radiating body via the gap formed between the 
bottom of the radiating body and the bottom of the 30 
inner cylinder, so as to circulate the inside and 
outside of the radiating body. 

An alternative embodiment of the invention is a 
column-shaped catalytic combustion apparatus in 
the inner cylinder in place of the combustion bur- 35 
ner. In this case, the catalytic combustion appara- 
tus serves as a combustion burner as well as a 
radiating body, and can heat the reforming catalyst 
layer uniformly. 

40 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 schematically illustrates a sectional 
view of embodiment 1 of the hydrogen produc- 
ing apparatus according to the first aspect of the 45 
invention; 

Figure 2 is a typical vertical sectional view along 
the line l-l of the hydrogen producing apparatus 
in Figure 1 ; 

Figure 3 is a partial sectional view of the hy- 50 
drogen-permeable tube shown in Figure 1; 
Figure 4 shows the raw material gas distribution 
means of the hydrogen producing apparatus 
shown in Figure 1 ; 

Figure 5 is a sectional view of embodiment 2 of 55 
the invention; 

Figure 6 is a sectional view of modified embodi- 
ment 2; 



Figure 7 is a sectional view of another modifica- 
tion of embodiment 2; 

Figure 8 is a sectional view of the apparatus of 
embodiment 3 of the invention; 
Figure 9 is a structural drawing of a conventional 
laboratory scale apparatus; 

Figure 10 is a perspective sectional view of 
embodiment 4 according to the second aspect 
of the invention; 

Figure 1 1 is a typical transverse sectional view 
along the line ll-ll of Figure 10; 
Figure 12 is a partial sectional view of double- 
walled hydrogen-permeable cylinders along the 
line Ill-Ill in Figure 1 1 

Figure 13 is a perspective sectional view of 

embodiment 5 of the invention; 

Figure 14 is a typical transverse cross sectional 

view along the line IV-IV of Figure 13; 

Figure 15 is a perspective longitudinal sectional 

view of embodiment 6 of the invention; 

Figure 16 is a perspective longitudinal sectional 

view of embodiment 7 according to the third 

aspect of the invention; 

Figure 17 is a typical longitudinal sectional view 

of the apparatus in Figure 16; 

Figure 18 is a typical transverse sectional view 

along the line V-V of Figure 16; 

Figure 19 is a perspective sectional view of 

embodiment 8 of the invention; 

Figure 20 is a perspective sectional view of a 

modification of embodiment 8 of the invention; 

Figure 21 is a perspective sectional view of 

another modification of embodiment 8 of the 

invention; 

Figure 22 is a perspective sectional view of 
embodiment 9 of the invention; 
Figure 23 is a longitudinal sectional view of 
embodiment 10 according to the fourth aspect 
of the invention; 

Figure 24 is a typical transverse sectional view 

along the line VI-VI of Figure 23; 

Figure 25 is a longitudinal sectional view of 

embodiment 1 1 of the invention; 

Figure 26 is a longitudinal sectional view of a 

modification of embodiment 1 1 of the invention; 

Figure 27 is a longitudinal sectional view of 

another modification of embodiment 1 1 of the 

invention; 

Figure 28 is a longitudinal sectional view of 
embodiment 12 of the invention; 
Figure 29 is a longitudinal sectional view of 
embodiment 13 according to the fifth aspect of 
the invention; 

Figure 30 is a typical transverse sectional view 
along the line VII-VII in Figure 29; 
Figure 31 shows another raw material gas dis- 
tribution means of the invention; 
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Figure 32 is a longitudinal sectional view of 

embodiment 14 of the invention; 

Figure 33 is a longitudinal sectional view of a 

modification of embodiment 14 of the invention; 

Figure 34 is a longitudinal sectional view of 

another modification of embodiment 14 of the 

invention; 

Figure 35 is a longitudinal sectional view of 
embodiment 15 of the invention; 
Figure 36 is a perspective sectional view of 
embodiment 16 according to the sixth aspect of 
the invention; 

Figure 37 is a typical transverse sectional view 
along the line VIII-VIII in Figure 36; 
Figure 38 is a partial sectional view of double- 
walled hydrogen-permeable cylinders along the 
line IX-IX in Figure 37; 

Figure 39 is a perspective sectional view of 

embodiment 17 of the invention; 

Figure 40 is a typical transverse sectional view 

along the line X-X in Figure 39; 

Figure 41 is a perspective sectional view of 

embodiment 18 of the invention; 

Figure 42 is a longitudinal sectional view of 

embodiment 19 according to the seventh aspect 

of the invention; 

Figure 43 is a typical transverse sectional view 

along the line XI-XI in Figure 42; 

Figure 44 is a longitudinal sectional view of 

embodiment 20 of the invention; 

Figure 45 is a longitudinal sectional view of a 

modification of embodiment 20 of the invention; 

Figure 46 is a longitudinal sectional view of 

another modification of embodiment 20 of the 

invention; and 

Figure 47 is a longitudinal sectional view of 
embodiment 21 of the invention. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

The following detailed description of this inven- 
tion is based on embodiments and supported by 
the attached drawings. 

Figure 1 is an schematically illustrated sec- 
tional view of one embodiment of the hydrogen 
producing apparatus according to the first aspect of 
the invention. Figure 2 is an outlined transverse 
sectional view along the line l-l on the apparatus 
shown in Figure 1 . 

Figures 1 and 2 show the hydrogen producing 
apparatus 10, an outer cylinder 14 with a closed 
base 12, and an intermediate cylinder 18 and inner 
cylinder 20 installed in a concentric manner within 
the outer cylinder. The outer cylinder 14, intermedi- 
ate cylinder 18 and inner cylinder 20 form an 
upright, cylindrical structure. 



The lower sections of the inner cylinder 20 and 
the intermediate cylinder 18 are connected to each 
other, forming a closed annular base section 22. 
The walls of the outer cylinder 14 and the inter- 

5 mediate cylinder 18 create an outer annulus 24. 
The outer annulus 24 and the space 26 within the 
inner cylinder 20 are connected at their bottoms. 
The intermediate cylinder 18 and inner cylinder 20 
create an inner annulus 30. 

to A route for the combustion gas is created by 

continuous paths going from the inner cylinder 26, 
through the gap between the bottom section 12 
and the annular base 22 of the outer cylinder 14. 
and to the outer annulus 24. The side wall and the 

15 bottom wall 12 of the outer cylinder 14 are con- 
structed of fire resistant bricks. 

The catalyst layer 30 in the inner annulus 30 
(for convenience, we use the same numeral for 
both components) is filled with reforming catalyst 

20 A. Figure 2 shows a number of cylindrical hy- 
drogen-permeable tubes 32 in the catalyst layer 
30. The tubes are equipped with hydrogen-per- 
meable metal membrane on an inorganic porous 
layer and positioned vertically around the circum- 

25 ference of the inner annulus 30. Cylindrical, stain- 
less steel sweep gas tubes 34 are installed in a 
concentric manner within the hydrogen-permeable 
tube 32. 

As shown in Figure 3, the hydrogen-permeable 

30 tube 32 has a closed base and has an external 
diameter of about 20 mm. It also has an internal 
support material made of stainless steel mesh 36. 
An inorganic porous layer 38 made of stainless 
steel non-woven cloth is disposed around the mesh 

35 36 and acts as a supporting frame for the hy- 
drogen-permeable metal membrane, which is es- 
sentially a coated non-porous Pd-based alloy mem- 
brane 40. The hydrogen-permeable tubes in each 
embodiment which will be discussed in the follow- 

40 ing share a similar structure. 

As shown in Figure 1, the process feed gas 
enters the lower section of the inner annulus 30 
through an introduction tube 41 running from the 
raw material gas inlet 48 to the reforming catalyst 

45 layer 30 of the inner annulus 30. The tube extends 
to the bottom of the inner annulus 30. The tube 41 
is connected to an annular pipe header 43, which 
has many spray nozzles at its bottom. 

Figure 4 shows an alternate distribution means 

so in which an annular space 55 is formed by parti- 
tioning the bottom portion of the inner annuls with a 
partitioning plate 57, and the raw material gas 
introduction tube 41 is connected to the annular 
space 55. Many small penetration pores 49 are 

55 formed in the partitioning plate 57. 

A drooping combustion burner 44 with a down- 
ward-facing burner is installed on the ceiling 42 of 
the top section of the inner cylinder 26. The com- 
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bustion burner 44 is connected to a fuel gas tube 
45 and an air intake tube 47. 

Referring to Figures 1 and 2, the operation 
process of the hydrogen producing apparatus 10 
wilt be described in the following. The drooping 
combustion burner 44 burns fuel gas introduced via 
a fuel gas tube 45, uses air taken in via an air 
intake tube 47, and maintains the prescribed tem- 
peratures by supplying the heat energy necessary 
for the steam reforming reaction in the reforming 
catalyst layer 30. 

The combustion gas flows inside the inner cyl- 
inder 26, through the space created between the 
base 12 of the outer cylinder 14 and its annular 
bottom 22, then through the outer annulus 24, and 
is emitted from the combustion gas outlet 46. Dur- 
ing this process the combustion gas heats both 
sides of the catalyst layer of the inner annulus 30, 
thereby maintaining a uniform temperature distribu- 
tion. 

The process feed gas is a mixture of either 
light hydrocarbons or methanol and steam. The 
gas flows through the raw material gas introduction 
tube 41 , the pipe header 43, the bottom section of 
the inner annulus 30, then into the reforming cata- 
lyst layer 30. The raw material gas is converted 
into hydrogen at a high temperature. The gen- 
erated hydrogen is selectively separated and col- 
lected via the hydrogen-permeable tubes 32. The 
hydrogen and the sweep gas exit via the hydrogen 
outlet 52 in the upper part of the tubes 32. 

The sweep gas is fed from the sweep gas inlet 
50 located in the top part of the apparatus 10. The 
gas flows down through the annulus 33 between 
the sweep gas tube 34 and the hydrogen-per- 
meable tube 32, and flows into the open lower end 
of the sweep gas tube 34, sweeping the hydrogen 
as it flows down. The gas and generated hydrogen 
rise and flow out of the hydrogen outlet 52. By 
removing the hydrogen with the sweep gas, the 
partial pressure of hydrogen on the after-perme- 
ation side of the hydrogen-permeable tube is re- 
duced. Steam or an inert gas, for example, can be 
used as the sweep gas. 

The generated CO and CO?, plus any raw 
material gas which has not reacted after passing 
through the reforming catalyst layer 30, exit the 
system via the off gas outlet 54. 

In this example, the reforming catalyst layer 30 
is heated from both sides, thereby maintaining a 
more uniform temperature distribution. This also 
prevents local overheating in the hydrogen-per- 
meable tube. 

Referring Figures 5 to 7, another embodiment 
(embodiment 2) according to the first aspect of the 
invention will be described. In the following, only 
details in the embodiment shown in Figures 5 to 7 
which are different from those in Figures 1 and 2 



will be discussed, omitting discussion of similar 
parts. 

A cylindrical radiating body 62 is installed in 
the inner cylinder space 26 of the hydrogen pro- 

5 ducing apparatus 60 so as to surround the flame of 
the drooping combustion burner 44 as shown in 
Figure 5. The radiating body 62 has a cylindrical 
structure with porous walls. The combustion gas 
from the combustion burner 44 permeates the po- 

io rous wails and flows out into the inner cylinder 
space 26. The combustion gas heats the radiating 
body 62 during this process, ensuring a virtually 
uniform temperature distribution. The heated radiat- 
ing body 62 heats the reforming catalyst layer 30 

75 evenly, with an almost uniform heat flux. 

The hydrogen producing apparatus 60 in Fig- 
ure 6 has another radiating body 62 which is a 
modification of what is shown in Figure 5. The 
radiating body assembly 62 in Figure 6 forms a 

20 dual cylindrical structure composed of inner and 
outer cylinder radiating bodies 64 and 66. Although 
the inner cylinder radiating body 64 is in contact 
with the ceiling 42 of the inner cylinder 20, there is 
a gap between it and the bottom 12 of the outer 

25 cylinder 14. The outer cylinder radiating body 66 is 
m contact with the bottom 12, but is spaced apart 
from the ceiling 42. 

The combustion gas flows down from the 
drooping combustion burner 44, through the inner 

30 cylinder radiating body 64, then moves up through 
the annulus 67 between the inner cylinder radiating 
body 64 and the outer cylinder radiating body 66. 
The gas then flows into the inner cylinder space 26 
from the top section of the outer cylinder radiating 

35 body 66. The combustion gas heats the inner cyl- 
inder radiating body 64 and the outer cylinder 
radiating body 66 during this process, creating a 
substantially uniform overall temperature distribu- 
tion. The heated inner cylinder radiating body 64 

40 and outer cylinder radiating body 66 heat the re- 
forming catalyst layer 30 in an even manner with 
substantially uniform heat flux. 

The hydrogen producing apparatus 60 in Fig- 
ure 7 illustrates another modification of the radiat- 
es mg body 62 shown in Figure 5. The radiating body 
62 in Figure 7 is cylindrical and constructed of fire 
resistant bricks. There is a gap 68 between the top 
section of the radiating body 62 and the ceiling 42 
of the hydrogen producing apparatus 60. The bot- 

so torn section of the radiating body 62 has openings 
70. 

The combustion gas flows down from the 
drooping combustion burner 44 to the radiating 
body 62, and flows through the openings 70 at the 
55 bottom. A portion of the combustion gas moves 
upward in the annulus 72 between the inner cyl- 
inder 20 and the radiating body 62, and circulates 
by flowing into the radiating body 62 via the gap 
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68. The temperature of the radiating body 62 is 
maintained at a uniform level by this process. The 
heated radiating body 62 heats the reforming cata- 
lyst layer 30 in an even manner, with substantially 
uniform heat flux. 

The hydrogen producing apparatus 80 in Fig- 
ure 8 is a modification of the hydrogen producing 
apparatus 10 in Figure 1. In this instance, instead 
of a drooping combustion burner, a column-shaped 
catalyst burner 82 is installed in the inner cylinder 
space 26. The catalyst burner 82 comprises an 
internal tube 84 to introduce fuel gas and air, an 
external mesh tube 86 surrounding the internal 
tube 84, and a combustion catalyst layer 88 be- 
tween these tubes 84, 86. 

Fuel gas burned in the combustion catalyst 
layer 88 heats the catalyst burner 82 to a uniform 
temperature. The heated catalyst burner 82 heats 
the reforming catalyst layer 30 in an even manner, 
with substantially uniform heat flux resulting. 

A specific example for the first aspect of the 
invention is explained below. 

(1) Apparatus Structure 

Figure 1 illustrates the hydrogen producing ap- 
paratus 10, the structure of the reaction apparatus 
with effective length of 600 mm, and is made up of 
components with the following dimensions: the in- 
ternal diameter of the inner cylinder 20 is 100 mm; 
the internal diameter of the intermediate cylinder 
18 is 173 mm; the internal diameter of the outer 
cylinder 14 is 188 mm; the external diameter of the 
hydrogen-permeable tube 32 is 20 mm; and the 
external diameter of the sweep gas tube 34 is 6 
mm. The hydrogen-permeable tubes 32 are placed 
in an equidistant manner around the circumference 
of the catalyst layer in the inner annulus 30. 

We used a nickel-based catalyst (average par- 
ticle size: 2 mm diameter) as reforming catalyst A. 
We installed a drooping burner 44 alone in the 
furnace, as shown in Figure 1. The outer cylinder 
14 is protected with 200 mm thick rockwool to 
reduce heat loss to the external atmosphere. 

(2) Operating Conditions 

- Supply of raw material gas (town gas 13A) on 
the reformer side: 39.3 mole/h 

- Steam supplied to the raw material gas on 
the reformer side: 1 .69 kg/h 

- Steam for reformer/raw material gas on the 
reformer side (mole ratio); 2.0 

- Reformer reaction temperature: 550 ' C 

- Reformer reaction pressure: 6.03 kgf/cm 2 - 
abs. 

- Sweep gas (steam) supplied: 1.73 kg/h 

- Sweep gas pressure: 1.20 kgf cm 2 -abs. 



(3) Hydrogen Generation Test Results 

Under the above-specified conditions, 150.3 
mole/h of hydrogen was obtained, extracted with 

5 sweep gas. The hydrogen's CO impurity level was 
less than 1 ppm. We were able to achieve a 
hydrocarbon conversion efficiency of about 85% 
from the raw material gas. 

A conventional reformer which does not em- 

io ploy hydrogen-permeable and has the barrier of 
chemical equivalence based on the relationship 
between the operating temperature and pressure 
achieved a conversion efficiency of about 24% at 
this reaction temperature. 

75 In this example, the raw material gas flows up 

from the bottom part of the inner annulus, to the 
reformer catalyst layer. The sweep gas is intro- 
duced from the top section of the annulus created 
between the hydrogen-permeable tube and the 

20 sweep gas tube. This gas passes into the sweep 
gas tube with the hydrogen, and is extracted from 
the top part of the tube. The same effect can be 
obtained by reversing the raw material gas and 
sweep gas flow directions. 

25 The first aspect of the invention supports in- 

dustrial-scale hydrogen production with economical 
production of high-purity hydrogen and has the 
following advantages: 

(a) The layered cylinder concept results in a 
30 simple and compact structure. The apparatus 

can be constructed economically, with a small 
quantity of materials. 

(b) In comparison with multi-tube approaches 
with many parallel reaction tubes, the lower 

35 weight of this apparatus results in a small heat 
capacity. The operation of the apparatus can be 
started and stopped quickly, and responds well 
to load changes. 

(c) The catalyst layer is heated more uniformly 
40 because it is heated from both sides thereof. 

The multi-cylindrical structure with a central fur- 
nace ensures more uniform radial heat flux dis- 
tribution. This prevents the development of hot 
spots where temperature may exceed the tem- 
45 perature limit of the hydrogen-permeable tube. 

(d) The heat transferred from the combustion 
gas to the catalyst layer increases because the 
apparatus is structured to heat the catalyst layer 
from both sides. It is therefore possible to create 

so a horizontally thick catalyst layer. 

(e) It is possible to increase the generated hy- 
drogen collection efficiency because of the 
counter-flow substance transfer between the 
sweep gas in the hydrogen-permeable tube and 

55 the reformed gas in the catalyst layer. 

(f) The reforming temperature can be 150- 
200 *C below that of conventional apparatuses 
because the hydrogen-permeable tube is able to 

13 
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separate and collect hydrogen and shift the 
chemical equilibrium to increase the production 
of products. This allows us to reduce the heat 
required to heat the raw material gas, and vastly 
improves thermal efficiency. 

(g) Because the reaction temperature can be 
lower, it is possible to construct the apparatus 
from inexpensive materials with low heat resis- 
tance characteristics. This can reduce the cost 
of the apparatus. 

(h) By installing a radiating body, it is possible 
to heat the catalyst layer uniformly to a pre- 
scribed temperature without any danger of local 
overheating. 

Figure 10 is an perspective sectional view of 
embodiment 4 for the hydrogen producing appara- 
tus according to the second aspect of the inven- 
tion. Figure 11 is an typical vertical sectional view 
of the apparatus shown in Figure 10. Figures 10 
and 1 1 show the hydrogen producing apparatus 
110 equipped with an outer cylinder 114 with a 
bottom section 112, and with an intermediate cyl- 
inder 116 and an inner cylinder 118, both of which 
are installed in a concentric manner within the 
outer cylinder. In this embodiment, the outer cyl- 
inder 114, intermediate cylinder 116 and inner cyl- 
inder 118 are all upright. 

The outer cylinder 114 and intermediate cyl- 
inder 1 16 create the first annulus 120 between their 
walls. The first annulus 120 and the inner cylinder 
space 122 in the inner cylinder 118 are connected 
at their bottom portions. The lower sections of the 
intermediate cylinder 116 and inner cylinder 118 
are connected, creating a closed annulus 124. 
These cylinders create a second annulus 126 be- 
tween their walls. 

A flow route for the combustion gas starts in 
the inner cylinder 122, passes through a space 
between the bottom section 112 of the outer cyl- 
inder 114 and the annular bottom 124 to the first 
annulus 120. The outer cylinder wall 114 and bot- 
tom wall 112 are both constructed of fire resistance 
bricks. 

The catalyst layer 126 in the second annulus 
126 (the same numeral is used here for conve- 
nience) is filled with reforming catalyst A. 

A double-walled hydrogen-permeable cylinder 
134 is composed of an internal wall 130, an annular 
bottom wall 132, and an external wall 128 which is 
made of an inorganic porous layer on which a 
hydrogen-permeable metallic membrane is dispos- 
ed. The double-walled hydrogen-permeable cylin- 
der 134 which has the third annulus 133 formed 
between its two walls is installed in a concentric 
manner in the second annulus 126. 

As shown in Figure 11, the double-walled hy- 
drogen-permeable cylinder 134 contains many 
stainless steel cylindrical sweep gas tubes 136, 



installed in an equidistant manner around the cir- 
cumference of the third annulus 133 of double- 
walled hydrogen-permeable cylinder 134. 

Figure 12 shows the external wall 128 of the 

5 double-walled hydrogen-permeable cylinder 134, 
its internal wall 130 and the annular bottom wall 
132, all having stainless steel mesh 138 supporting 
material on their inside. An inorganic porous layer 
140 of stainless steel non-woven fabric lies on top 

io of the mesh, as a frame for the hydrogen-per- 
meable metallic membrane. A non-porous Pd 
membrane 142 is coated on top of the fabric to 
form the hydrogen-permeable metallic membrane. 
A downward-facing drooping combustion bur- 

75 ner 146 is installed in the ceiling 144 of the inner 
cylinder 122. This combustion burner 146 is con- 
nected to a fuel gas tube 148 and an air intake 
tube 150. 

Referring to Figures 10 and 11, the processes 

20 carried out in the hydrogen producing apparatus 
110 according to the second aspect of the inven- 
tion will be described. 

The drooping combustion burner 146 uses air 
from the air intake tube 150 to burn fuel gas 

25 introduced via the fuel gas tube 148. The burner 
thereby supplies the heat energy required for the 
steam reforming reaction in the catalyst layer 126, 
and maintains the temperature of the layer at the 
prescribed level. 

30 The combustion gas flows into the inner cyl- 

inder space 122, the space between the bottom 
section 112 and the annular section 124 of the 
outer cylinder 114, and the first annulus 120. It is 
then exhausted via the combustion gas outlet 152. 

35 The gas heats the catalyst layer 126 during this 
process. 

The raw material gas comprises a mixture of 
steam and light hydrocarbons or methanol gas. It is 
introduced via the raw material gas inlet 154 in the 
40 top section of the second annulus 126. The gas 
flows into the catalyst layer 126 and is converted 
into hydrogen at high temperatures. 

The generated hydrogen is selectively sepa- 
rated and collected through double-walled hydro- 
ps gen-permeable cylinders 134. The sweep gas and 
hydrogen pass through the third annulus 133 and 
exhaust through the hydrogen outlet 156 in the top 
section of the third annulus 133. 

The sweep gas enters through the sweep gas 
so inlet 158 in the top section of the apparatus. The 
sweep gas flows down the sweep gas tube 136 and 
then into the third annulus 133 through the opening 
in the lower end It then sweeps the generated 
hydrogen, as it rises, and exits via the hydrogen 
55 outlet 156. 

Extracting the hydrogen and sweep gas facili- 
tates maintenance of a lower partial pressure of 
hydrogen on the after-permeation side of the hy- 

14 
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drogen-permeable tube. Steam or inert gas can be 
used as sweep gas. 

Generated CO and C0 2 gas and any raw ma- 
terial gas which has not reacted after passing 
through the catalyst layer 126 is gathered by the 
off gas tube 160 which opens in the lower section 
of the catalyst layer 126, and is then expelled from 
the system via the off gas outlet 162. 

Figure 13 shows an perspective sectional view 
of the apparatus 110 in embodiment 5 according to 
the second aspect of the invention. Figure 14 is a 
transverse cross sectional view of the apparatus 
1 10 shown in Figure 13. 

The apparatus 110 differs from embodiment 1 
in the following points. The sweep gas tube struc- 
ture is different in that only four sweep gas tubes 
136, a relatively small number of the tubes, are 
installed in the third annulus 133 of the double- 
walled hydrogen-permeable cylinder 134. These 
tubes are connected to the annular pipe header 
139 in the lower section 137 of the annular bottom 
wall 132 of the double-walled hydrogen-permeable 
cylinder 134. The annular pipe header 139 has 
many penetration pores (not illustrated) which per- 
forate the header wall. 

Second, the catalyst layer 126 comprises an 
inner catalyst layer 127 in the annulus created by 
the inner cylinder 118 and the inside wall 30 of the 
double-walled hydrogen-permeable cylinder 134, 
and an outer catalyst layer 129 in the annulus 
created by the intermediate cylinder 116 and the 
outside wall 128 of the double-walled hydrogen- 
permeable cylinder 134. 

Third, raw material gas process feed gas en- 
ters through the raw material gas inlet 154 in the 
top section of the inner catalyst layer 127, and 
flows down to the inner catalyst layer 127. As it 
moves up through the outer catalyst layer 129, the 
gas is converted into hydrogen at high tempera- 
tures. The generated hydrogen gas is selectively 
separated by the double-walled hydrogen-perme- 
able cylinders 134. Sweep gas collects the hy- 
drogen, and passes through the penetration pores 
of the annular pipe header 139 and the sweep gas 
tube 136. The combined gases are expelled via the 
hydrogen outlet 156 in the top section of the sweep 
gas tube 136. 

Fourth, sweep gas is fed from the sweep gas 
inlet 158 in the top part of the apparatus. The 
sweep gas and hydrogen flow down the annulus 
133, through the penetration pores of the annular 
pipe header 139 and the sweep gas tube 136, and 
are expelled via the hydrogen outlet 156 in the top 
part of the sweep gas tube 136. 

Fifth, generated CO and CO2 gases, and any 
raw material gas which has not reacted after pass- 
ing through the outer catalyst layer 129, are ex- 
pelled via the off gas outlet 162 in the top section 



of the outer catalyst layer 129. 

Apart from these differences, the hydrogen 
producing - apparatus 110 in embodiment 5 has 
the same structure as the apparatus in embodiment 
5 4. The catalyst layer in embodiment 5 is twice as 
high as that of embodiment 4, and the apparatus in 
embodiment 5 provides more advantages to the 
reforming reaction. 

Figure 15 is an perspective sectional view of 
70 embodiment 6 for the hydrogen producing appara- 
tus 210 according to the second aspect of the 
invention. The point of variance from embodiment 
5 is that, instead of inserting the sweep gas tubes 
as indicated in Figure 15, a cylindrical partitioning 
75 wall 141 is installed in a concentric manner in the 
third annulus 133 of the double-walled hydrogen- 
permeable cylinder 134. 

The sweep gas is fed from the sweep gas inlet 
158 in the upper section of the apparatus, flows 
20 down the annulus between the partitioning wall 141 
and the outside wall 128 of the double-walled hy- 
drogen-permeable cylinder 134, mixing with and 
sweeping the hydrogen. The gas then flows from 
the lower section of the annulus into the annulus 
25 between the partitioning wall 141 and the inside 
wall 130 of the double-walled hydrogen-permeable 
cylinder 134, moves up the annulus and passes out 
through the hydrogen outlet 156 in the upper sec- 
tion. 

30 Apart from these differences, the structure of 

the hydrogen producing apparatus 210 in embodi- 
ment 6 is the same as the hydrogen producing 
apparatus 110 in embodiment 5. As embodiment 6 
has a cylindrical partitioning wall 141 instead of the 

35 sweep gas tube found in embodiments 4 and 5, the 
structure of the apparatus is simpler. 

A specific example is explained below for the 
second aspect of the invention. 

40 (1 ) Apparatus Structure 

Figure 10 shows a hydrogen producing appara- 
tus 110. The reaction apparatus in Figure 10 has 
an effective length of 600 mm and is structured as: 

45 inner cylinder 118 (internal diameter 100 mm); in- 
termediate cylinder 116 (internal diameter 173 
mm); outer cylinder 1 1 4 (internal diameter 1 88 
mm); double-walled hydrogen-permeable cylinder 
134 (internal diameter 125 mm, external diameter 

50 165 mm); and sweep gas tube 136 (external diam- 
eter 6 mm). Fifteen upright double-walled hydro- 
gen-permeable cylinders 134 are installed in the 
catalyst layer of the second annulus 26, equidistant 
around the circumference. 

55 Reforming catalyst A is a nickel based catalyst 

(average particle size 2 mm in diameter) The 
furnace comprises a drooping burner 146 as shown 
in Figure 10. The outer cylinder 114 is insulated 
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with 200 mm thick rockwool to reduce heat dis- 
charge to the external atmosphere. 

(2) Operating Conditions 

- Supply of raw material gas on the reformer 
side (town gas 13A) supply: 42.8 mole/h 

- Steam supplied in raw material gas on the 
reformer side: 1.54 kg/h 

- Steam for reforming/raw material gas on the 
reformer side (mole ratio): 2.0 

- Reforming reaction temperature: 560 *C 

- Reaction pressure: 6.05 kgf/cm 2 -abs. 

- Quantity of sweep gas (steam) supplied 1 .88 
kg/h 

- Sweep gas pressure: 1 25 kgf/cm 2 -abs. 

(3) Hydrogen Generation Test Results 

A reaction under these above conditions pro- 
duces 164.0 mole/h of hydrogen, accompanied by 
sweep gas. CO impurity in the hydrogen is less 
than 1 ppm. The conversion efficiency of hydrocar- 
bons in the raw material gas is about 86%. 

In contrast, a conventional reformer which does 
not use a hydrogen-permeable tube is hampered 
by chemical equilibrium, based on the relationship 
between operating temperature and pressure, re- 
sulting in a conversion efficiency of 25 % at this 
reaction temperature and pressure. 

In embodiment 4, the raw material gas flows 
down the catalyst layer from the top section of the 
second annulus. The sweep gas enters from the 
upper section of the sweep gas tube then flows 
upward through the third annulus. The gas and 
hydrogen are extracted from the top part of the 
annulus. 

In embodiment 5, the raw material gas enters 
from the top section of the inner catalyst layer, 
flows downward through the inner catalyst layer, 
and moves upward through the outer catalyst layer. 
The sweep gas enters from the top section of the 
third annulus then flows downward through it. The 
gas and hydrogen are extracted from the upper 
section of the sweep gas tube. In embodiment 6, 
the raw material gas enters from the top section of 
the inner catalyst layer. The sweep gas enters from 
the top part of the annulus between the partitioning 
wall and the outside wall of the double-walled hy- 
drogen-permeable tube then flows down the an- 
nulus. The gas and hydrogen are extracted from 
the top section of the annulus between the parti- 
tioning wall and the internal wall of the double- 
walled hydrogen-permeable tube. The same effect 
can be obtained by reversing the flow direction of 
raw material gas and sweep gas in embodiments 4 
and 6, or by reversing the flow direction of raw 
material gas and sweep gas or either of these 



gases in embodiment 5. 

The second aspect of the invention facilitates 
industrial-scale hydrogen production to economical- 
ly produce high purity hydrogen, and has the fol- 
s lowing advantages: 

(a) The structure is simple and compact as the 
apparatus is composed of multiple layers of 
cylinders, including a double-walled hydrogen- 
permeable cylinder. It is therefore possible to 

w build the apparatus economically and with a 
smaller quantity of materials. 

(b) The heat capacity of this apparatus is small 
as it is far lighter in weight than conventional 
multiple-tube systems with many parallel reac- 

75 tion tubes. The operation of the apparatus can 
be started and stopped quickly, and its re- 
sponse to load changes is excellent. 

(c) The catalyst layer can be heated more uni- 
formly because heat is applied from both sides 

20 of the catalyst layer. Radial thermal flux distribu- 
tion is also more uniform because of the struc- 
ture of layered cylinders with the furnace in the 
center. This also prevents hot spots from devel- 
oping and temperature from exceeding the tem- 

25 perature limit of the double-walled hydrogen- 
permeable cylinder. 

(d) The counter-flow substance transfer between 
the sweep gas in the double-walled hydrogen- 
permeable cylinder and the reformed gas in the 

30 catalyst layer improves the generated hydrogen 
collection efficiency. 

(e) Separating and collecting the hydrogen via 
the double-walled hydrogen-permeable cylinder 
shifts the chemical equilibrium to the advantage 

35 of hydrogen production. It is therefore possible 
to reduce the reforming temperature by 150- 
200 "C below that of conventional apparatuses. 
This reduces the energy required to heat the 
raw material gas and vastly improves thermal 

40 efficiency. 

(f) The lower reaction temperature supports the 
use of inexpensive construction materials with 
lower heat resistance characteristics. This re- 
duces costs. 

45 Figure 16 is the perspective sectional view of 

embodiment 7 according to the third aspect of the 
invention. 

As shown in Figures 16-18, the hydrogen pro- 
ducing apparatus 310 is equipped with an out- 

50 ermost outer cylinder 314 with a closed bottom 
312. An outer cylinder 316, intermediate cylinder 
318 and inner cylinder 320 are placed concen- 
trically within the outermost outer cylinder. All four 
vessels are upright cylinders. 

55 The lower sections of the inner cylinder 320 

and the outer cylinder 316 are connected, forming 
a closed annular bottom section 322. The out- 
ermost outer cylinder 314 and the outer cylinder 
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316 create the first annulus 324 between their 
cylinder walls. The first annulus 324 and the inner 
cylinder space 326 in the inner cylinder 320 are 
connected at their bottoms. 

A flow route for the combustion gas starts in 
the inner cylinder space 326, and passes through a 
space between the bottom section 312 of the out- 
ermost outer cylinder 314 and the annular bottom 
section 322 to the first annulus 324. The outer 
cylinder 316 and the intermediate cylinder 318 
create a second annulus 328 between their cylinder 
walls. The intermediate cylinder 318 and the inner 
cylinder 320 create a third annulus 330 between 
them. The second annulus 328 and the third an- 
nulus 330 are connected at their bottoms. The side 
wall and the bottom of the outermost outer cylinder 
314 are constructed of fire resistant bricks. 

The catalyst layer 330 is formed in the third 
annulus 330 (the same numeral is used for conve- 
nience), and filled with reforming catalyst A. Figure 
18 shows a large number of cylindrical hydrogen- 
permeable tubes 332 with a hydrogen-permeable 
metal membrane on an inorganic porous layer. 
These tubes 332 are installed vertically around the 
circumference of the third annulus 330 in the cata- 
lyst layer. The cylindrical stainless steel sweep gas 
tubes 334 are installed in a concentric manner in 
the hydrogen-permeable tube 332. 

As shown in Figure 3, the tubular hydrogen- 
permeable tube 332 (or 32) has a closed bottom 
and an external diameter of about 20 mm as 
shown. The tube contains a supporting material of 
stainless steel mesh 36. On top of the mesh 36 is 
an inorganic porous layer 38 of non-woven stain- 
less steel fabric, which carries the hydrogen-per- 
meable metal membrane. A non-porous Pd-based 
alloy hydrogen-permeable metal membrane 40 is 
disposed on top of the fabric. 

Figure 16 shows that the drooping combustion 
burner 344 faces downward from the ceiling 342 of 
the inner cylinder space 326. The combustion bur- 
ner 344 is connected to a fuel gas tube 345 and air 
intake tube 347. 

Figures 16 to 18 support the following discus- 
sion of the processes of the hydrogen producing 
apparatus 310. The fuel gas enters the combustion 
burner 344 via the fuel gas tube 345 and is burnt 
with air supplied from the air intake tube 347. The 
prescribed temperature is maintained by supplying 
the reforming catalyst layer 330 with the heat en- 
ergy necessary for the steam reforming reaction. 

The combustion gas flows through the space in 
the inner cylinder 326, then through the space 
created by the bottom section 312 of the outermost 
outer cylinder 314 and the annular bottom 322. The 
gas then passes through the first annulus 324 and 
exhausts via the combustion gas outlet 346. During 
this process, the gas preheats the process feed 



gas which flows in the opposite direction through 
the second annulus 328. 

The process feed gas is comprised of either 
light hydrocarbons or a mixture of methanol gas 

5 and steam. The gas enters via the raw material gas 
inlet 348 in the top section of the second annulus 
328. It flows into the second annulus 328. from the 
bottom of the annulus into the reforming catalyst 
layer 330, and is converted into hydrogen at a high 

to temperature. The generated hydrogen is selectively 
collected through the hydrogen-permeable tube 
332 and flows, with the sweep gas, through the 
hydrogen outlet 352 in the top section of the tube. 
The sweep gas enters via the sweep gas inlet 

75 350 in the top section of the apparatus. The gas 
flows down the annulus 333 between the sweep 
gas tube 334 and the hydrogen-permeable tube 
332, sweeps the hydrogen, and enters the lower 
end opening of the sweep gas tube 334. The gas 

20 and hydrogen move upward through the sweep gas 
tube and flow out of the hydrogen outlet 352. This 
process suppresses the partial pressure of hy- 
drogen on the after-permeation side of the hy- 
drogen-permeable tube 332. 

25 Generated CO and CO2 gas, plus any raw 

material gas which has not reacted after passing 
through the reforming catalyst layer 330, flow out 
of the system via the off gas outlet 354. 

In this embodiment, raw material gas flows into 

30 the reforming catalyst layer after being preheated 
by combustion gas. The raw material gas reforms 
into hydrogen at a high conversion efficiency and 
the thermal efficiency of the combustion gas im- 
proves. 

35 Figures 19-21 relate to the following discussion 

of embodiment 8 according to the third aspect of 
the invention. Only those parts in these figures 
which are different from the hydrogen producing 
apparatus illustrated in Figures 16-18 will be ex- 

40 plained. 

The inner cylinder space 426 of the hydrogen 
producing - apparatus 460 as shown in Figure 19 
contains a cylindrical radiating body 462 surround- 
ing the frame from the combustion burner 444. 

45 This cylindrical radiating body 462 has porous 
walls. The combustion gas of the burner 444 per- 
meates the porous wall and flows into the inner 
cylinder space 426. The combustion gas heats the 
radiating body 462 during this process, resulting in 

50 a uniform overall temperature. The heated radiating 
bodies 462 evenly heats the reforming catalyst 
layer 430, with almost uniform heat flux. 

The hydrogen producing apparatus 410 in Fig- 
ure 20 is a modification of the radiating bodies 462 

55 as shown in Figure 19. The radiating body assem- 
bly 462 shown in Figure 20 has a dual cylinder 
configuration and comprises an inner cylinder ra- 
diating body 464 and an outer cylinder radiating 
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body 466. The inner cylinder radiating body 464 is 
in contact with the ceiling 42 of the inner cylinder 
420, but has gaps between it's bottom and the 
bottom section 412 of the outermost outer cylinder 
414. The outer cylinder radiating body 466 is in 
contact with the lower part of the bottom section 
412, and its upper section is isolated from the 
ceiling 442. 

The combustion burner 444 gas flows down 
through the internal radiating body 464, then 
moves upward through the annulus 467 between 
the internal radiating body 464 and the external 
radiating body 466. The gas flows from the upper 
part of the radiating body 466 into the inner cyl- 
inder space 426. The combustion gas heats up the 
inner cylinder radiating body 464 and the outer 
cylinder radiating body 466 during this process, 
achieving a uniform overall temperature. The heat- 
ed internal radiating body 464 and external radiat- 
ing body 466 heat the reforming catalyst layer 430 
with an almost uniform heat flux. 

The hydrogen producing apparatus 460 shown 
in Figure 21 is another modification of the radiating 
bodies 462 in Figure 19. The cylindrical radiating 
bodies 462 as shown in Figure 21 are constructed 
of fire resistant brick. There is a gap 468 between 
the top section of the radiating bodies 462 and the 
ceiling 442 of the hydrogen producing apparatus 
460, and an opening 470 in the lower section of the 
radiating bodies 462. 

The combustion burner 444 gas flows down 
through the radiating bodies 462, and out through 
an opening 470 in the lower section of the radiating 
body. A portion of the combustion gas moves up 
through the annulus 472 between the inner cylinder 
420 and the radiating bodies 462, and returns to 
the radiating bodies 462 via the gap 468. The 
combustion gas thoroughly heats the radiating bod- 
ies 462 during this process, resulting in an almost 
uniform overall temperature. The heated radiating 
bodies 462 evenly heat the catalyst layer 430 with 
almost uniform heat flux. 

The hydrogen producing apparatus 480 in Fig- 
ure 22 is a modification of the apparatus 310 in 
Figure 16 (embodiment 9). The apparatus 480 con- 
tains a column shaped catalyst burner portion 482 
in the inner cylinder space 426 instead of a com- 
bustion burner. The catalyst burner portion 482 
comprises an internal tube 484 which delivers the 
fuel gas and air and a mesh external tube 486 to 
surround the internal tube. A combustion catalyst 
layer 488 fills the space between the two tubes. 

The fuel gas is burnt in the combustion catalyst 
layer 488 and heats the overall catalyst burner 
portion 482 to a uniform temperature. The heated 
catalyst burner portion 482 evenly heats the re- 
forming catalyst layer 430, with almost uniform 
heat flux. 



The following section describes a specific ex- 
ample for the third aspect of the invention. 

(1) Apparatus Structure 

5 

Figure 16 shows the hydrogen producing ap- 
paratus 310 which is a reaction apparatus with an 
effective length of 600 mm. Its dimensions are as 
follows: the internal diameter of the inner cylinder 

70 20 is 100 mm; the internal diameter of the inter- 
mediate cylinder 18 is 174 mm; the internal diam- 
eter of the outer cylinder 16 is 183 mm; the internal 
diameter of the outermost outer cylinder 14 is 200 
mm; the external diameter of the hydrogen-per- 

75 meable tube 32 is 20 mm; and the external diam- 
eter of the sweep gas tube 34 is 6 mm. Fifteen 
upright hydrogen-permeable tubes 432 are located 
in the catalyst layer of the third annulus 430, in- 
stalled equidistant around the circumference. 

20 Reforming catalyst A is a nickel based catalyst 

(average particle size: 2 mm in diameter). The 
furnace comprises a drooping burner 444 as shown 
in Figure 16. The outermost outer cylinder 414 is 
insulated by 200 mm thick rockwool to reduce 

25 head loss to the external atmosphere. 

(2) Operating Conditions 

- Supply of raw material gas on the reformer 
30 side (town gas 13A): 35.7 mole/h 

- Steam for reforming/raw material gas on the 
reformer side (mole ratio): 2.0 

- Reforming reaction temperature: 550 • C 

- Reforming reaction pressure: 6.03 kgf/cm 2 - 
35 abs. 

- Quantity of sweep gas (steam) supplied: 1 5.7 
kg/h 

- Sweep gas pressure: 1.21 kgf/cm 2 -abs. 

40 (3) Hydrogen Generation Test Results 

A reaction under these conditions produces 
136,6 mole/h (= 3.06 Nm 3 /h) of hydrogen, accom- 
panied by sweep gas. The CO impurity in the 
45 hydrogen is less than 1 ppm. The conversion effi- 
ciency of hydrocarbons in raw material gas is 
about 87%. 

In contrast, as a conventional reformer which 
does not use a hydrogen-permeable tube is ham- 
so pered by the chemical equilibrium caused by the 
relationship between operating temperature and 
pressure, its conversion efficiency at this reaction 
temperature and pressure was only about 24%. 
In this embodiment, the raw material gas flows 
55 downward from the top section of the second an- 
nulus. The gas then flows upward through the 
catalyst layer in the third annulus. The sweep gas 
enters from the top section of the annulus created 
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between the hydrogen-permeable tube and the 
sweep gas tube. The sweep gas and hydrogen 
pass through the sweep gas tube and are extracted 
from its top section. The same effects can be 
obtained when the raw material gas and sweep gas 
flow in opposite directions. 

The third aspect of the invention facilitates in- 
dustrial-scale hydrogen production, economically 
producing high purity hydrogen, and has the follow- 
ing advantages: 

(a) The structure is simple and compact, com- 
prising multiple layered cylinders. The apparatus 
can be constructed with a small quantity of 
materials. 

(b) The heat capacity of the apparatus is small, 
as it is far lighter in weight than conventional 
multiple parallel reaction tube systems. The op- 
eration of the apparatus can be started and 
stopped quickly, and it has an excellent re- 
sponse to load changes. 

(c) The catalyst layer can be more uniformly 
heated, as heat is applied from both sides of the 
layer. Radial thermal flux distribution is more 
uniform because of the structure of layered cyl- 
inders with a central furnace. This prevent the 
development of hot spots where temperature 
may exceed the upper temperature limit of the 
hydrogen-permeable tube. 

(d) The heat collection efficiency improves be- 
cause the combustion gas and the process feed 
gas exchange heat while flowing in opposite 
directions. 

(e) The generated hydrogen collection efficiency 
is improved by the counter-flow substance 
transfer between sweep gas in the hydrogen- 
permeable tube and the reforming gas in the 
catalyst layer. 

(f) Separating and collecting the hydrogen 
through the hydrogen-permeable tube shifts the 
chemical equilibrium to the advantage of hy- 
drogen production. The reforming temperature 
can therefore be reduced 1 50-200 *C below that 
of conventional apparatuses. This vastly im- 
proves thermal efficiency while reducing the 
thermal energy required to heat raw material 
gas. 

(g) The lower reaction temperature enables the 
use of inexpensive materials with lower heat 
resistance characteristics, thereby reducing con- 
struction costs. 

(h) Radiating bodies ensure the catalyst layer to 
be heated with a uniform temperature distribu- 
tion without any risk of overheating. 

Figure 23 is an illustrated sectional view of 
embodiment 10 for the fourth aspect of the present 
invention. Figure 24 is a transverse sectional view 
at the line VI-VI in Figure 23. 



The hydrogen producing apparatus 510 is 
equipped with a closed bottom 512 outermost outer 
cylinder 514. Within this cylinder is a concentric 
arrangement consisting of an outer cylinder 516. 

5 intermediate cylinder 518 and inner cylinder 520. 
All four vessels are upright cylinders. 

The lower sections of the inner cylinder 520 
and the outer cylinder 516 are connected, forming 
a closed annular bottom 522. The outermost outer 

to cylinder 514 and the outer cylinder 516 create the 
first annulus 524 between their cylinder walls. The 
bottoms of the first annulus 524 and the inner 
cylinder space 526 within the inner cylinder 520 
are connected. 

15 A flow route of the combustion gas starts in the 

inner cylinder space 526 and passes through a 
space between the bottom section 512 of the out- 
ermost outer cylinder 514 and the annular bottom 
section 522 into the first annulus 524. The outer 

20 cylinder 516 and the intermediate cylinder 518 
create a second annulus 528 between their cylinder 
walls. The intermediate cylinder 518 and the inner 
cylinder 520 create a third annulus 530 between 
them. The bottoms of the second annulus 528 and 

25 the third annulus 530 are connected. 

The wall of the outermost outer cylinder 514 
and the wall of the bottom section 512 of the 
outermost external wall 514 are constructed of fire 
resistant brick. 

30 The first and second catalyst layer 528 and 

530 (for the sake of convenience the same nu- 
merals as the second and third annuluses are 
used) which are filled with reforming catalyst A in 
the second annulus 528 and the third annulus 530 

35 are created. Figure 24 shows a large number of 
cylindrical hydrogen-permeable tubes 532 with hy- 
drogen-permeable metal membranes on an inor- 
ganic porous layer, installed vertically around the 
circumference of the second annulus 528 in the 

40 first catalyst layer 528. The cylindrical, stainless 
steel sweep gas tubes 534 are installed in a con- 
centric manner in the hydrogen-permeable tube 
532. 

As shown in Figure 3, the tubular hydrogen- 
45 permeable tube 532 (or 32) has a closed bottom 
and an external diameter of about 20 mm. The 
tube contains a supporting material of stainless 
steel mesh 36. On top of the mesh is an inorganic 
porous layer 38 of woven stainless steel fabric. 
50 which carries the hydrogen-permeable metal mem- 
brane. A non-porous, Pd based alloy, hydrogen- 
permeable metal membrane 40 is coated on top of 
the fabric. 

Figure 23 shows that the drooping combustion 
55 burner 544 faces downward from the ceiling 542 of 
the inner cylinder space 526. The combustion bur- 
ner 544 is connected to a fuel gas tube 544 and air 
intake tube 547. 
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Figures 23 and 24 support the following discus- 
sion of the processes of hydrogen producing ap- 
paratus 510. Fuel gas enters the combustion bur- 
ner 544 via the fuel gas tube 545, and is burnt in 
air supplied by the air intake tube 547. The pre- 
scribed temperature is maintained by supplying to 
the first and second catalyst 528 and 530 with the 
heat energy necessary for the steam reforming 
reaction. Combustion gas passes through the inner 
cylinder space 526 and the space created by the 
bottom section 512 of the outermost outer cylinder 
514 and the annular connection part 522 of the 
bottom section 512. It then travels through the first 
annulus 524 and exhausts via the combustion gas 
outlet 546. 

The process feed gas comprises either light 
hydrocarbons or a mixture of methanol gas and 
steam. The gas enters via the raw material gas 
inlet 548 in the top section of the third annulus 530. 
It flows into the second catalyst layer 530 of the 
third annulus 530, during which it is converted into 
hydrogen at a high temperature. The gas then 
flows into the bottom of the first catalyst layer 528 
of the second annulus 528, where any process 
feed gas which has not reacted is converted into 
hydrogen. 

The generated hydrogen is selectively collect- 
ed through the hydrogen-permeable tube 532 in- 
stalled in the first catalyst layer 528 and flows out, 
with the sweep gas, through the hydrogen outlet 
552 in the top section of the tube. 

The sweep gas enters via the sweep gas inlet 
550 in the top section of the apparatus. The gas 
flows down the annulus 533 between the sweep 
gas tube 534 and the hydrogen-permeable tube 
532, sweeps the hydrogen, and enters the lower 
end opening of the sweep gas tube 534. The gas 
and hydrogen move upward through the sweep gas 
tube and flow out of the hydrogen outlet 552. This 
process suppresses the partial pressure of hy- 
drogen on the after-permeation side of the hy- 
drogen-permeable tube 532. 

Generated CO and C0 2 gas, plus any raw 
material gas which has not reacted after passing 
through the first catalyst layer 528, flow out of the 
system via the off gas outlet 554. 

In this embodiment, the process feed gas 
passes through the high temperature heated cata- 
lyst layer 530 immediately inside the inner cylinder 
520 which forms the furnace. After the gas is 
reformed into hydrogen at a high conversion rate, 
the hydrogen is selectively collected through the 
hydrogen-permeable tube in the second annulus 
528. Any process feed gas which has not reacted 
is reformed in the reforming catalyst layer 528 in 
the second annulus 528, significantly improving the 
conversion efficiency for the entire apparatus. 



Figures 25 and 26 illustrate another embodi- 
ment. 

Figure 25 shows an inner cylinder space 626 of 
the hydrogen producing apparatus 660 which con- 

5 tains a cylindrical radiating body 662 surrounding 
the drooping combustion burner 644 flame. This 
cylindrical radiating body 662 has porous walls. 
The combustion burner 644 gas permeates the 
porous wall and flows into the inner cylinder space 

io 626. The combustion gas heats the radiating body 
662 during this process, resulting in a uniform 
overall temperature. The heated radiating bodies 
662 evenly heats the reforming catalyst layer 630, 
with almost uniform heat flux. 

75 The hydrogen producing apparatus 660 in Fig- 

ure 26 is a modification of the radiating bodies 662 
shown in Figure 25. The radiating body assembly 
662 shown in Figure 26 has a dual cylinder con- 
figuration and comprises an inner cylinder radiating 

20 body 664 and an outer cylinder radiating body 666. 
The inner cylinder radiating body 664 is in contact 
with the ceiling 642 of the inner cylinder 620, but 
has gaps between it's bottom and the bottom sec- 
tion 612 of the outermost outer cylinder 614. The 

25 outer cylinder radiating body 666 is in contact with 
the bottom section 612, and its upper section is 
isolated from the ceiling 642. 

The combustion burner 644 gas flows down 
through the inner cylindrical radiating body 664, 

30 then moves upward through the annulus 667 be- 
tween the inner cylindrical radiating body 664 and 
the external radiating body 666. The gas flows from 
the upper part of the outer cylindrical radiating 
body 666 into the inner cylinder space 626. The 

35 combustion gas heats up the inner cylinder radiat- 
ing body 664 and the outer cylinder radiating body 
666 during this process, achieving a uniform overall 
temperature. The heated internal radiating body 
664 and external radiating body 666 heat the re- 

40 forming catalyst layer 630 with an almost uniform 
heat flux. 

The hydrogen producing apparatus 660 shown 
in Figure 27 is another modification of the radiating 
bodies 662 in Figure 25. The cylindrical radiating 

45 bodies 662 shown in Figure 27 are constructed of 
fire resistant bricks. There is a gap 668 between 
the upper section of the radiating bodies 662 and 
the ceiling 642 of the hydrogen producing appara- 
tus 660, and an opening 670 in the lower section of 

50 the radiating bodies 662. 

The combustion gas flows down through the 
radiating bodies 662 from the drooping combustion 
burner 644, and out through an opening 670 in the 
lower section. A portion of the combustion gas 

55 moves up through the annulus 672 between the 
inner cylinder 620 and the radiating bodies 662, 
and returns to the radiating body 662 via the gap 
668. 
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The combustion gas thoroughly heats the ra- 
diating bodies 662 during this process, resulting in 
an almost uniform overall temperature. The heated 
radiating bodies 662 evenly heat the reforming 
catalyst layer 30, with almost uniform heat flux. 

The hydrogen producing apparatus 680 in Fig- 
ure 28 is a modification of the apparatus 510 in 
Figure 23. The apparatus 680 contains a column 
shaped catalyst burner 682 in the inner cylinder 
space 626, instead of a combustion burner. The 
catalyst burner 682 comprises an internal tube 684 
which delivers the fuel gas and air and a mesh 
external tube 686 to surround the internal tube. A 
combustion catalyst layer 688 fills the space be- 
tween the two tubes. 

The fuel gas is burnt in the combustion catalyst 
layer 688 and heats the overall catalyst burner 682 
to a uniform temperature. The heated catalyst bur- 
ner 682 evenly heats the reforming catalyst layer 
630, with almost uniform heat flux. 

A specific example for the fourth aspect of the 
invention will be described in the following. 

(1) Apparatus Structure 

Figure 23 shows a hydrogen producing appara- 
tus 510. The reaction apparatus in Figure 23 has 
an effective length of 600 mm and is structured as: 
inner cylinder 520 (internal diameter 100 mm); in- 
termediate cylinder 518 (internal diameter 118 
mm); outer cylinder 516 (internal diameter 175 
mm); outermost outer cylinder 514 (internal diam- 
eter 190 mm); hydrogen-permeable tube 532 (ex- 
ternal diameter 20 mm); and sweep gas tube 534 
(external diameter 6 mm). Fifteen upright hydro- 
gen-permeable tubes 532 are installed in the first 
catalyst layer of the second annulus 528 in an 
equidistant manner around the circumference. 

Reforming catalyst A is a nickel based catalyst 
(average particle size: 2 mm in diameter). The 
furnace comprises a drooping burner 544, as 
shown in Figure 23. The outermost outer cylinder 
514 is insulated with 200 mm thick rockwool to 
reduce heat discharge to the external atmosphere. 

(2) Operating Conditions 

- Supply of raw material gas (town gas 13A) on 
the reformer side: 32.1 mole/h 

- Steam supplied in raw material gas on the 
reformer side: 1.35 kg/h 

- Steam for reforming/raw material gas on the 
reformer side (mole ratio): 2.0 

- Reforming reaction temperature: 550 * C 

- Reforming reaction pressure: 6.03 kgf/cm 2 - 
abs. 

- Quantity of sweep gas (steam) supplied: 1.41 
kg-ti 



- Sweep gas pressure: 1 .22 kgf/cm 2 -abs. 

(3) Hydrogen Generation Test Results 

5 A reaction under these above conditions pro- 

duces 123.0 mole/h of hydrogen, accompanied by 
sweep gas. CO impurity in the hydrogen is less 
than 1 ppm. The conversion efficiency of hydrocar- 
bons in the raw material gas is about 90%. 
10 In contrast, a conventional reformer which does 

not use a hydrogen-permeable tube is hampered 
by chemical equilibrium, based on the relationship 
between operating temperature and pressure, re- 
sulting in a conversion efficiency of about 24% at 
75 this reaction temperature and pressure. 

The fourth aspect of the invention facilitates 
industrial-scale hydrogen production, economically 
producing high purity hydrogen, and has the follow- 
ing advantages: 
20 (a) The structure is simple and compact, com- 

prising multiple layered cylinders. The apparatus 
can be constructed with a small quantity of 
materials. 

(b) The heat capacity of the apparatus is small. 

25 as it is far lighter in weight than conventional 
multiple parallel reaction tube systems. The op- 
eration of the apparatus can be started and 
stopped quickly, and it has an excellent re- 
sponse to load changes. 

30 (c) The catalyst layer can be more uniformly 
heated, as heat is applied from both sides. Ra- 
dial thermal flux distribution is more uniform 
because of the structure of layered cylinders 
with a central furnace. This prevents the devel- 

35 opment of hot spots where temperature may 
exceed the limit the hydrogen-permeable tubes 
can withstand. 

(d) Hydrogen is only generated in the second 
catalyst layer and is not separated or collected 

40 through the hydrogen-permeable tube there. 
The partial pressure of hydrogen in the genera- 
tion gas therefore rises at the second catalyst 
layer outlet or the first catalyst layer inlet. This 
raises the substance transfer propulsion force 

45 for the separation and collection of hydrogen by 
the hydrogen-permeable tube in the first catalyst 
layer. It is therefore possible to reduce the area 
of permeation and achieve an improved separa- 
tion efficiency. 

so (e) The collection efficiency of the generated 
hydrogen is improved by the counter-flow sub- 
stance transfer between sweep gas in the hy- 
drogen-permeable tube and the reformed gas in 
the catalyst layer. 

55 (f) Separating and collecting the hydrogen 
through the hydrogen-permeable tube shifts the 
chemical equilibrium to the advantage of hy- 
drogen production. The reforming temperature 
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can therefore be reduced 1 50-200 "C below that 
of conventional systems. As a consequence, 
carbon dialysis in the reforming catalyst layer is 
eased and the steam/hydrocarbon ratio (mole 
ratio) can be reduced from a standard value of 3 
to 2-2.2. This vastly improves thermal efficiency 
while reducing the thermal energy required to 
heat raw material gas. 

(g) The lower reaction temperature enables the 
use of inexpensive materials with lower heat 
resistance characteristics, thereby reducing con- 
struction costs. 

(h) Radiating bodies ensure the catalyst layer to 
be heated with a uniform temperature distribu- 
tion without any risk of overheating. 

Figure 29 is a sectional view of an embodiment 
according to the fifth aspect of the invention. Figure 
30 outlines a horizontal section at the line VII-VII on 
the apparatus shown in Figure 29. 

Figures 29 and 30 show the hydrogen produc- 
ing apparatus 710 equipped with a covered outer 
cylinder 714 with a ceiling 712. This cylinder con- 
tains an intermediate cylinder 718 and inner cyl- 
inder 720. Al! three vessels are upright cylinders. 

The upper sections of the inner cylinder 720 
and intermediate cylinder 718 form a closed an- 
nulus top section 722. The walls of the outer cyl- 
inder 714 and intermediate cylinder 718 create an 
outer annulus 724. The upper sections of the outer 
annulus 724 and inner cylinder space 726 are 
connected. An inner annulus 730 is created be- 
tween the intermediate cylinder 718 and the inner 
cylinder 720. 

A flow route for the combustion gas starts in 
the inner cylinder space 726 and passes through a 
space between the ceiling 712 of the outer cylinder 
714 and the annulus connected top section 722 
into the outer annulus 724. The wall and the ceiling 
714 of the outer cylinder 714 are constructed of fire 
resistant bricks. 

Reforming catalyst A fills the catalyst layer 730 
in the inner annulus 730 (the same numeral is used 
for convenience). Figure 30 shows a large number 
of cylindrical hydrogen-permeable tubes 732 with 
hydrogen-permeable metal membranes on an in- 
organic porous layer, installed vertically around the 
circumference of the inner annulus 730 in the cata- 
lyst layer 730. The cylindrical, stainless steel 
sweep gas tubes 734 are installed in a concentric 
manner in the hydrogen-permeable tube 732. 

The tubular hydrogen-permeable tube 732 has 
a closed top part and an external diameter of about 
20 mm, as shown in Figure 31 . The tube contains a 
supporting material of stainless steel mesh 736. On 
top of the mesh is an inorganic porous layer 738 of 
woven stainless steel fabric, which carries the hy- 
drogen-permeable metal membrane. A non-porous, 
Pd based alloy, hydrogen-permeable metal mem- 



brane 40 is coated on top of the fabric. 

Figure 29 shows the process feed gas struc- 
tures. The raw material gas introduction tube 741 
passes from the raw material gas inlet 748, through 

5 the reforming catalyst 730 of the inner annulus 730, 
and injects process feed gas directly into the top 
section of the inner annulus 730. The upper part is 
connected to the annular pipe header 743. which 
has many spray nozzles. 

to Figure 31 shows another embodiment in which 

an annular space 755 is created by partitioning the 
top section of the inner annulus 730 with a parti- 
tioning plate 757. The raw material introduction 
tube 741 is connected to the annular space 755. 

75 Many small penetrated pores 749 can be created 
in the partitioning plate 757 as a means of distribut- 
ing the gas. 

An upward facing, upright combustion burner 
744 is installed in the bottom section 742 of the 

20 inner cylinder space 726. The fuel gas tube 745 
and air intake 747 are connected to this combus- 
tion burner 744. 

Figures 29 and 30 support the following discus- 
sion of the processes of hydrogen producing ap- 

25 paratus 710. Fuel gas enters the upright combus- 
tion burner 744 via the fuel gas tube 745, and is 
burnt in air supplied by the air intake tube 747. The 
prescribed temperature is maintained by supplying 
to the reforming catalyst layer 730 with the heat 

30 energy necessary for the steam reforming reaction. 

Combustion gas passes through the inner cyl- 
inder space 726, and the space created by the 
outer cylinder 714 and the connected annular top 
section 722 of the ceiling 712. It then moves 

35 through the outer annulus 724 and exhausts via the 
combustion gas outlet 746. 

Both sides of the reforming catalyst A layer of 
the inner annulus 730 are heated during this pe- 
riod, achieving a uniform temperature. 

40 The process feed gas comprises light hydro- 

carbon, a mixture of methanol gas or steam. This 
gas passes through the raw material gas inlet 748 
to the raw material gas introduction tube 741 and 
pipe header 743. It then flows from the top section 

45 of the inner annulus 730 into the reforming catalyst 
layer 730, where the gas is converted into hy- 
drogen. The generated hydrogen is selectively sep- 
arated and collected through the hydrogen-perme- 
able tube 732. The hydrogen and sweep gas ex- 

50 haust from the hydrogen outlet 752 in the lower 
section of the hydrogen-permeable tube. 

The sweep gas enters via the sweep gas inlet 
750 in the top section of the apparatus. The gas 
rises up the dual tube space 733 between the 

55 sweep gas tube 734 and the hydrogen-permeable 
tube 732, sweeps the hydrogen, and enters the top 
end opening of the sweep gas tube 734. The gas 
and hydrogen move downward through the sweep 
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gas tube and flow out of the hydrogen outlet 752. 
This process suppresses the partial pressure of 
hydrogen on the after-permeation side of the hy- 
drogen-permeable tube 732. Steam and inert gas 
are used as sweep gas, for example. 

Generated CO and C0 2 gas, plus any raw 
material gas which has not reacted after passing 
through the catalyst layer 730, flow out of the 
system via the off gas outlet 754. 

In this embodiment, both sides of the reforming 
catalyst layer 730 are heated, maintaining a uni- 
form temperature distribution. This prevents local 
overheating in the hydrogen-permeable tube. 

Figures 32 and 34 illustrate another embodi- 
ment. Only points which are different from Figures 
29 and 30 will be described, discussions are omit- 
ted for the same points of Figures 29 and 30. 

As shown in Figure 32, the inner cylinder 
space 826 of hydrogen producing apparatus 810 
contains a cylindrical radiating body 862 surround- 
ing the upright combustion burner 844 flame. This 
cylindrical radiating body 862 has porous walls. 
The combustion burner 844 gas permeates the 
porous wall and flows into the inner cylinder space 
826. The combustion gas heats the radiating body 
862 during this process, resulting in a uniform 
overall temperature. The heated radiating bodies 
862 evenly heats the reforming catalyst layer 830, 
with almost uniform heat flux. 

The hydrogen producing apparatus 810 in Fig- 
ure 33 is a modification of the radiating bodies 862 
shown in Figure 32. The radiating body assembly 
862 shown in Figure 33 has a dual cylinder con- 
figuration and comprises an inner cylinder radiating 
body 864 and an outer cylinder radiating body 866. 
The inner cylinder radiating body 864 is in contact 
with the bottom 842 of the inner cylinder 820, but 
has gaps between it's upper part and the ceiling 
812 of the outermost outer cylinder 814. The outer 
cyfinder radiating body 866 is in contact with the 
ceiling 812 in the top part, and its bottom wall is 
isolated in the lower part 842. 

The upright combustion burner 844 gas flows 
up through the inner cylinder radiating body 864, 
then moves downward through the annulus 867 
between the inner cylinder radiating body 864 and 
the external radiating body 866 The gas flows from 
the lower part of the outer cylindrical radiating 
body 866 into the inner cylinder space 826. The 
combustion gas heats up the inner cylinder radiat- 
ing body 864 and the outer cylinder radiating body 
866 during this process, achieving a uniform overall 
temperature. The heated internal radiating body 
864 and external radiating body 866 heat the re- 
forming catalyst layer 830 with an almost uniform 
heat flux. 

The hydrogen producing apparatus 810 shown 
in Figure 34 is another modification of the radiating 



bodies 862 in Figure 32. The cylindrical radiating 
bodies 862 shown in Figure 34 are constructed of 
fire resistant brick. There is a opening 868 between 
the lower section of the radiating bodies 862 and 

s the bottom 842 of the hydrogen producing appara- 
tus 810, and the top part of the radiating body 862 
is separated from the ceiling 812 of the outer 
cylinder 814 to form a gap 870. 

The combustion gas flows down through the 

70 radiating bodies 862 from the upright combustion 
burner 844, and out through an gap 870 in the 
upper section. A portion of the combustion gas 
moves down through the annulus 872 between the 
inner cylinder 820 and the radiating body 860, and 

75 returns to the radiating body 862 via the opening 
868. The combustion gas thoroughly heats the 
radiating bodies 862 during this process, resulting 
in an almost uniform overall temperature. The heat- 
ed radiating bodies 862 evenly heat the reforming 

20 catalyst layer 830, with almost uniform heat flux. 

The hydrogen producing apparatus 810 in Fig- 
ure 35 is a modification of apparatus 710 shown in 
Figure 29. 

The apparatus 810 contains a column shaped 
25 catalyst burner 882 in the inner cylinder space 826, 
instead of an upright combustion burner. The cata- 
lyst burner 882 comprises an internal tube 884 
which delivers the fuel gas and air, and a mesh 
external tube 886 to surround the internal tube. A 
30 combustion catalyst layer 888 fills the space be- 
tween the two tubes. 

The fuel gas is burnt in the combustion catalyst 
layer 888 and heats the overall catalyst burner 882 
to a uniform temperature. The heated catalyst bur- 
35 ner 882 evenly heats the reforming catalyst layer 
830, with almost uniform heat flux. 

In the following, a specific example for the fifth 
aspect of the invention will be described. 

40 (1) Apparatus Structure 

Figure 29 shows a hydrogen producing appara- 
tus 710. The reaction apparatus as shown in Figure 
29 has an effective length of 600 mm and is 

45 structured as: inner cylinder 720 (internal diameter 
100 mm); intermediate cylinder 718 (internal diam- 
eter 173 mm); outer cylinder 714 (internal diameter 
188 mm); hydrogen-permeable tube 732 (external 
diameter 20 mm); and sweep gas tube 734 (exter- 

50 nal diameter 6 mm). Fifteen upright hydrogen-per- 
meable tubes 732 are installed in the reforming 
catalyst layer of the inner annulus 730 in an equi- 
distant manner around the circumference. 

Reforming catalyst A is a nickel based catalyst 

55 (average particle size 2 mm in diameter). The 
furnace comprises a upright burner 744, as shown 
in Figure 29. The outer cylinder 714 is insulated 
with 200 mm thick rockwool to reduce heat dis- 
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charge to the external atmosphere. 

(2) Operating Conditions 

- Supply of raw material gas (town gas 13A) on 5 
the reformer side: 47.8 mole/h 

- Steam supplied in raw material gas on the 
reformer side: 2.03 kg/h 

- Steam for reforming/raw material gas on the 
reformer side (mole ratio): 2.0 io 

- Reforming reaction temperature: 550 *C 

- Reforming reaction pressure: 6.05 kgf/cm 2 - 
abs. 

- Quantity of sweep gas (steam) supplied: 2.08 
kg/h rs 

- Sweep gas pressure: 1.08 kgf/cm 2 -abs. 

(3) Hydrogen Generation Test Results 

A reaction under these above conditions pro- 20 
duces 180.4 mole/h of hydrogen, accompanied by 
sweep gas. CO impurity in the hydrogen is less 
than 1 ppm The conversion efficiency of hydrocar- 
bons in the raw material gas is about 83%. 

In contrast, a conventional reformer which does 25 
not use a hydrogen-permeable tube is hampered 
by chemical equilibrium, based on the relationship 
between operating temperature and pressure, re- 
sulting in a conversion efficiency of 24% at this 
reaction temperature and pressure. 30 

In this embodiment, the raw material gas flows 
downward through the reforming catalyst layer from 
the upper section of the inner annulus. The sweep 
gas enters from the lower section of the annulus 
created between the hydrogen-permeable tube and 35 
the sweep gas tube. The sweep gas and hydrogen 
pass through the sweep gas tube and are extracted 
from its lower section. The same effects can be 
obtained when the raw material gas and sweep gas 
flow in opposite directions. ao 

Based on the above structure, the fifth aspect 
of the invention facilitates industrial-scale hydrogen 
production, economically producing high purity hy- 
drogen, and has the following advantages: 

(a) The upward facing flame from the upright 45 
burner improves the stability of the flame and 
enables the construction of a larger hydrogen 
producing apparatus. This also supports signifi- 
cant changes in processing quantities while us- 
ing one large apparatus. 50 

(b) The lower end of the hydrogen-permeable 
tube is fixed while its upper section is free. This 
reduces catalyst powdering caused by friction 
between the hydrogen-permeable tube and the 
reforming catalyst layer as a result of thermal 55 
expansion. This structure also eliminates de- 
struction of the reforming catalyst by pressure in 

the lower section which may occur when the 



upper end of the hydrogen-permeable tube is 
fixed. It is therefore possible to use reforming 
catalysts of relatively lower strength and con- 
struct larger apparatuses by making the reform- 
ing catalyst layer taller. 

This hydrogen producing apparatus accord- 
ing to the fifth aspect of the invention has the 
above-mentioned advantages over hydrogen 
producing apparatuses with drooping combus- 
tion burners. In addition to the above mentioned 
advantages, the fifth aspect of the invention has 
the following benefits which are common with 
corresponding apparatuses having drooping 
combustion burners. 

(c) The structure is simple and compact, com- 
prising multiple layered cylinders. The apparatus 
can be constructed with a small quantity of 
materials. 

(d) The heat capacity of the apparatus is small, 
as it is far lighter in weight than conventional 
multiple parallel reaction tube systems. The op- 
eration of the apparatus can be started and 
stopped quickly, and it has an excellent re- 
sponse to load changes. 

(e) The catalyst layer can be more uniformly 
heated, as heat is applied from both sides of the 
layer. Radial thermal flux distribution is more 
uniform because of the structure of layered cyl- 
inders with a central furnace. This prevents the 
development of hot spots where temperature 
may exceed the limit the hydrogen-permeable 
tubes can withstand. 

(f) Because the catalyst layer is heated from 
both sides, the amount of heat transfer from the 
combustion gas to the catalyst layer increases. 
In other words, it becomes possible to create a 
catalyst layer which is horizontally thicker. 

(g) The collection efficiency of generated hy- 
drogen is improved by the counter-flow sub- 
stance transfer between sweep gas in the hy- 
drogen-permeable tube and the reforming gas in 
the catalyst layer. 

(h) Separating and collecting the hydrogen 
through the hydrogen-permeable tube shifts the 
chemical equilibrium to the advantage of hy- 
drogen production. The reforming temperature 
can therefore be reduced 1 50-200 *C below that 
of conventional systems. This vastly improves 
thermal efficiency while reducing the thermal 
energy required to heat raw material gas. 

(i) The lower reaction temperature enables the 
use of inexpensive materials with lower heat 
resistance characteristics, thereby reducing con- 
struction costs. 

(j) Radiating bodies ensure the catalyst layer is 
heated with a uniform temperature distribution 
without any risk of overheating. 
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Figure 36 is an perspective sectional view of 
embodiment 16 for the sixth aspect of the inven- 
tion. Figure 37 is an outlined transverse sectional 
view of the apparatus in Figure 36. Figures 37 and 
37 show the hydrogen producing - apparatus 910 
equipped with a covered outer cylinder 914 with a 
ceiling 912, and with an intermediate cylinder 916 
and inner cylinder 918, both of which are installed 
m a concentric manner within the outer cylinder. In 
this embodiment the outer cylinder 914, intermedi- 
ate cylinder 916 and inner cylinder 918 are all 
upright cylinders. 

The outer cylinder 914 and intermediate cyl- 
inder 916 create the first annulus 920 between their 
walls. The first annulus 920 and the inner cylinder 
space 922 in the inner cylinder 918 are connected 
at their top parts. The upper sections of the inter- 
mediate cylinder 916 and inner cylinder 918 are 
connected, creating a closed annulus with a con- 
nected top part 924. These cylinders create a 
second annulus 926 between their walls. 

A flow route for the combustion gas starts in 
the inner cylinder 922 and passes through a space 
between the ceiling 912 of the outer cylinder 914 
and the top annulus 924 into the first annulus 920. 
The wall and the ceiling 912 of the outer cylinder 
914 are both constructed of fire resistance bricks. 

The catalyst layer 926 in the second annulus 
926 (the same numeral is used for convenience) is 
filled with reforming catalyst A. 

Furthermore, the catalyst layer, as will be ex- 
plained later on in Figure 38, has an external wall 
928, which has a hydrogen-permeable nonporous 
Pd membrane 942 on an inorganic porous layer 
940, an internal wall 930 and an annular top wall 
932. The double-walled hydrogen-permeable cyl- 
inder 934 which creates the third annulus 933 is 
installed in a concentric manner in the second 
annulus 926. As shown in Figure 37, the double- 
walled hydrogen-permeable cylinder 934 contains 
many parallel stainless steel cylindrical sweep gas 
tubes 936, installed around the inner circumference 
of the third annulus 933 of the double-walled hy- 
drogen-permeable cylinder 934. 

Figure 38 shows the external wall 928 of the 
double-walled hydrogen-permeable cylinder 934, 
its internal wall 930 and the annular top wall 932. 
These walls all contain stainless steel mesh 938 as 
supporting material. An inorganic porous layer 940 
of stainless steel non-woven fabric lies on top of 
the mesh as a frame for the hydrogen-permeable 
metallic membrane. A non-porous Pd membrane 
942 is disposed on top of the fabric to form the 
hydrogen-permeable metallic membrane. 

Figure 36 shows an upright upwardly facing 
combustion burner 946 installed in the bottom wall 
944 of the inner cylinder space 922. This combus- 
tion burner 946 is connected to a fuel gas tube 948 



and an air intake tube 950. 

Referring to Figures 36 and 37, the processes 
of the hydrogen producing apparatus 910 will be 
described in the following. 

5 The upright combustion burner 946 in the bot- 

tom wall 944 of the inner cylinder 918 burns gas 
from the fuel gas tube 948 in air from the air intake 
tube 950. The combustion supplies the heat energy 
necessary to maintain the temperature required for 

to the steam reforming reaction in the catalyst layer 
926. 

The combustion gas flows into the inner cyl- 
inder space 922, the space between the ceiling 912 
and the annulus with the connected top 924 of the 

75 outer cylinder 914, and the first annulus 920. It is 
then exhausted via the combustion gas outlet 952. 
The gas heats the catalyst layer 926, which is filled 
with reforming catalyst A, in the second annulus 
926 during this process. 

20 The raw material gas comprises a mixture of 

with either steam, light hydrocarbons or methanol 
gas. It is introduced via the raw material gas inlet 
954 in the lower section of the second annulus 926. 
The gas flows into the catalyst layer 926 and is 

25 converted into hydrogen at high temperatures. 

The generated hydrogen is selectively sepa- 
rated and collected through double-walled hydro- 
gen-permeable cylinders 934. The sweep gas and 
hydrogen pass through the third annulus 933 and 

30 exhaust through the hydrogen outlet 956 in the 
lower section of the third annulus 933. 

The sweep gas enters through the sweep gas 
inlet 958 in the lower section of the apparatus. The 
sweep gas flows up the sweep gas tube 936, then 

35 into the third annulus 933 through the opening in 
the upper end- It then sweeps the hydrogen as it 
falls, and exits via the hydrogen outlet 956. 

Extracting the hydrogen and sweep gas facili- 
tates maintenance of a lower partial pressure of 

40 hydrogen on the after-permeation side of the hy- 
drogen-permeable tube 932. Steam and inert gas 
are used as sweep gas. 

Generated CO and CO2 gas and any raw ma- 
terial gas which has not reacted after passing 

45 through the catalyst layer 926, is gathered by the 
off gas tube 960 which opens in the upper section 
of the catalyst layer 926, and is then exhausted 
from the system via the off gas outlet 962. 

Figure 39 shows an perspective sectional view 

50 of the apparatus 910 in embodiment 17 for the 
sixth aspect of the invention. Figure 40 is a trans- 
verse sectional view of the apparatus 910 in Figure 
39. 

The apparatus 910 differs from embodiment 16 
55 in the following points. First, the sweep gas tube 
structure is different, as a relatively small number, 
only four, sweep gas tubes 936 are installed in the 
third annulus 933 of the double-walled hydrogen- 
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permeable cylinder 934. These tubes are connect- 
ed to the annular pipe header 939 in the upper 
section 937 of the annular top wall 932 of the 
double-walled hydrogen-permeable cylinder 934. 
The annular pipe header 939 has many penetration 
pores (not illustrated) which perforate the header 
wall. 

Second, the catalyst layer 926 comprises an 
inner catalyst layer 927 in the annulus created by 
the inner cylinder 918 and the internal wall 930 of 
the double-walled hydrogen-permeable cylinder 
934, and an outer catalyst layer 929 in the annulus 
created by the intermediate cylinder 916 and the 
external wall 928 of the double-walled hydrogen- 
permeable cylinder 934. 

Third, the raw materia! gas (process feed gas) 
enters through the raw material gas inlet 954 in the 
lower section of the inner catalyst layer 927, and 
flows upward through the inner catalyst layer 927. 
As it moves down through the outer catalyst layer 
929, the gas is converted into hydrogen at high 
temperatures. The generated hydrogen gas is se- 
lectively separated by the double-walled hydrogen- 
permeable cylinders 934. Sweep gas collects the 
hydrogen, and passes through the penetration 
pores of the annular pipe header 939 and the 
sweep gas tube 936. The combined gases are 
exhausted via the hydrogen outlet 956 in the lower 
section of the sweep gas tube 936. 

Forth, sweep gas is fed from the sweep gas 
inlet 958 in the lower part of the apparatus. The 
sweep gas and hydrogen flow up the annulus 933, 
through the penetration pores of the annular pipe 
header 939 and the sweep gas tube 936, and 
exhaust via the hydrogen outlet 956 in the lower 
part of the sweep gas tube 936. 

Fifth, generated CO and CO2 gases, and any 
raw material gas which has not reacted after pass- 
ing through the outer catalyst layer 929, are ex- 
hausted via the off gas outlet 962 in the lower 
section of the outer catalyst layer 929. 

Apart from these differences, the hydrogen 
producing apparatus 910 in embodiment 17 has 
the same structure as the apparatus in embodiment 
16. The catalyst layer in embodiment 17 is twice as 
high as that of embodiment 16, and the apparatus 
in embodiment 17 provides more advantages to the 
reforming reaction. 

Figure 41 is a perspective sectional view of 
embodiment 18 of the hydrogen producing appara- 
tus 910 for the sixth aspect of the invention. The 
point of variance from embodiment 17 is that, in- 
stead of inserting the sweep gas tube as indicated 
in Figure 41, the cylindrical partitioning wall 941 is 
installed in a concentric manner in the third an- 
nulus 933 of the double-walled hydrogen-perme- 
able cylinder 934. 



The sweep gas is fed from the sweep gas inlet 
958 in the lower section of the apparatus, flows up 
the annulus between the partitioning wall 941 and 
external wall 928 of the double-walled hydrogen- 

5 permeable cylinder 934, mixing with and sweeping 
the hydrogen. The gas then flows from the top 
section of the annulus into the annulus between the 
partitioning wall 941 and the internal wall 930 of the 
double-walled hydrogen-permeable cylinder 934, 

10 moves down the annulus and passes out through 
the hydrogen outlet 956 in the lower section. 

Apart from these differences, the structure of 
the hydrogen producing apparatus 910 in embodi- 
ment 18 is the same as the hydrogen producing 

75 apparatus 910 in embodiment 17. As embodiment 
18 has a cylindrical partitioning wall 941 instead of 
the sweep gas tube found in embodiments 16 and 
17, the structure of the apparatus is simpler. 

An example will be described below for the 

20 sixth aspect of the invention. 

(1) Apparatus Structure 

Figure 39 shows a hydrogen producing appara- 

25 tus 910. The reaction apparatus in Figure 39 has 
an effective length of 600 mm and is structured as: 
inner cylinder 918 (internal diameter 100 mm); in- 
termediate cylinder 916 (internal diameter 173 
mm); outer cylinder 914 (internal diameter 188 

30 mm); double-walled hydrogen-permeable cylinder 
934 (internal diameter 125 mm and external diam- 
eter 165 mm); and sweep gas tube 936 (external 
diameter 6 mm). A double-walled hydrogen-per- 
meable cylinders 934 is installed in the catalyst 

35 layer of the second annulus 926. 

Reforming catalyst A is a nickel based catalyst 
(average particle size: 2 mm in diameter). The 
furnace comprises an upright burner 46 as shown 
in Figure 39. The outer cylinder 14 is insulated with 

40 200 mm thick rockwool to reduce heat discharge to 
the external atmosphere. 

(2) Operating Conditions 

45 - Supply of raw material gas (town gas 13A) on 
the reformer side: 43.0 mole/h 

- Steam supplied in raw material gas on the 
reformer side: 1 .55 kg/h 

- Steam for reforming/raw material gas on the 
50 reformer side (mole ratio): 2.0 

- Reforming reaction temperature: 560 " C 

- Reforming reaction pressure: 6.10 kgf/cm 2 - 
abs. 

- Quantity of sweep gas (steam) supplied: 1.90 
55 kg^h 

- Sweep gas pressure: 1 .25 kgf/cm 2 -abs. 
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(3) Hydrogen Generation Test Results 

A reaction under these conditions produces 
162.0 mole/h of hydrogen, accompanied by sweep 
gas. CO impurity in the hydrogen is less than 1 5 
ppm. The conversion efficiency of hydrocarbons in 
the raw material gas is about 85%. 

In contrast, a conventional reformer which does 
not use a hydrogen-permeable tube is hampered 
by chemical equilibrium, based on the relationship to 
between operating temperature and pressure, re- 
sulting in a conversion efficiency of 25% at this 
reaction temperature and pressure. 

In embodiment 17, the raw material gas flows 
up the catalyst layer from the lower section of the 75 
second annulus. The sweep gas enters from the 
lower section of the sweep gas tube then flows 
down through the third annulus. The gas and hy- 
drogen are extracted from the lower part of the 
annulus. In embodiment 18, the raw material gas 20 
enters from the lower section of the inner catalyst 
layer, flows up through the inner catalyst layer, and 
moves down through the outer catalyst layer. The 
sweep gas enters from the lower section of the 
third annulus then flows up through it. The gas and 25 
hydrogen are extracted from the lower section of 
the sweep gas tube via an annular pipe header. In 
embodiment 19, the raw material gas enters from 
the lower section of the inner catalyst layer. The 
sweep gas enters from the lower part of the an- 30 
nulus between the partitioning wall and the external 
wall of the double-walled hydrogen-permeable tube 
then flows up the annulus. The gas and hydrogen 
are extracted from the lower section of the annulus 
between the partitioning waif and the internal wall 35 
of the double-walled hydrogen-permeable tube. 
The same effect can be obtained by reversing the 
flow direction of the raw material gas and sweep 
gas in embodiments 17 and 19, or by reversing the 
flow direction or either of these gases in embodi- *o 
ment 18. 

Based on the above structure, the sixth aspect 
of the invention facilitates industrial-scale hydrogen 
production, economically producing high purity hy- 
drogen, and has the following advantages: 45 

(a) The upward facing flames of the upright 
burner improve the stability of the flames and 
enable the construction of a larger hydrogen 
producing apparatus. This aiso supports signifi- 
cant changes in processing quantities while us- so 
ing one large apparatus. 

(b) The lower end of the hydrogen-permeable 
tube is fixed while its upper section is free. This 
reduces catalyst powdering caused by friction 
between the hydrogen-permeable tube and the 55 
reforming catalyst layer as a result of thermal 
swelling. This structure also eliminates destruc- 
tion of the reforming catalyst by pressure in the 



lower section which can occur when the upper 
end of the hydrogen-permeable tube is fixed. It 
is therefore possible to use reforming catalysts 
of relatively lower strength and construct larger 
apparatuses by making the reforming catalyst 
layer taller. 

This hydrogen producing apparatus accord- 
ing to the sixth aspect of the invention has 
certain above-mentioned advantages over hy- 
drogen producing apparatuses with drooping 
combustion burners. In addition to the above 
mentioned advantages, the sixth aspect of the 
invention offers the following benefits which are 
common with corresponding apparatuses with 
drooping combustion burners. 

(c) The structure is simple and compact as the 
apparatus is composed of multiple layers of 
cylinders, including a double-walled hydrogen- 
permeable tube. It is therefore possible to build 
the apparatus economically and with a small 
quantity of materials. 

(d) The heat capacity of this apparatus is small 
as it is far lighter in weight than conventional 
multiple tube systems with many parallel reac- 
tion tubes. The operation of the apparatus can 
be started and stopped quickly, and its re- 
sponse to load changes is excellent. 

<e) The catalyst layer can be heated more uni- 
formly because heat is applied from both sides. 
Radial thermal flux distribution is also more uni- 
form because of the structure of layered cyl- 
inders with the furnace in the center. This also 
prevents hot spots from developing and from 
exceeding the temperature limit the double- 
walled hydrogen-permeable cylinders can with- 
stand. 

(f) The counter-flow substance transfer between 
the sweep gas in the double-walled hydrogen- 
permeable cylinder and the reformed gas in the 
catalyst layer improves the generated hydrogen 
collection efficiency. 

(g) Separating and collecting the hydrogen via 
the double-walled hydrogen-permeable cylinder 
shifts the chemical equilibrium to the advantage 
of hydrogen production. It is therefore possible 
to reduce the reforming temperature by 150- 
200 "C below that of conventional apparatuses. 
This reduces the energy required to heat the 
raw material gas and vastly improves thermal 
efficiency. 

(h) The lower reaction temperature supports the 
use of inexpensive construction materials with 
low heat resistance characteristics. This reduces 
costs. 

Figure 42 is an illustrated sectional view of 
embodiment 19 for the hydrogen producing ap- 
paratus according to the seventh aspect of the 

invention. Figure 43 is a transverse sectional view 
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at the line XI-XI in Figure 42. 

The hydrogen producing apparatus 1010 is 
equipped with a covered outermost outer cylinder 
1014 with a ceiling 1012. Within this cylinder is a 
concentric arrangement consisting of an outer cyl- 
inder 1016, intermediate cylinder 1018 and inner 
cylinder 1020. All four vessels are upright cyl- 
inders. 

The upper sections of the inner cylinder 1020 
and the outer cylinder 1016 are connected, forming 
a closed annulus with a connected top 1022. The 
walls of the outermost cylinder 1014 and the outer 
cylinder 1016 create the first annulus 1024. The 
top sections of the first annulus 1024 and the inner 
cylinder space 1026 are connected. A flow route or 
the combustion gas starts in the inner cylinder 
space 1026 and passes through a space between 
the ceiling 1012 of the outermost cylinder 1014 and 
the connected top annulus 1022 into the first an- 
nulus 1024. The walls of the outer cylinder 1016 
and the intermediate cylinder 1018 create a second 
annulus 1028. The walls of the intermediate cyl- 
inder 1018 and the inner cylinder 1020 create a 
third annulus 1030. The bottoms of the second 
annulus 1028 and the third annulus 1030 are con- 
nected. 

The wall of the outermost outer cylinder 1014 
and the ceiling wall 1012 of the outermost outer 
cylinder 1014 are constructed of fire resistant brick. 

The first and second catalyst layer 1028 and 
1030 (for the sake of convenience the same nu- 
merals as the second and third annuluses are 
used) which are filled with reforming catalyst A in 
the second annulus 1028 and the third annulus 
1030 are created. Figure 43 shows a large number 
of cylindrical hydrogen-permeable tubes 1032 with 
hydrogen-permeable metal membranes on an in- 
organic porous layer, installed vertically around the 
circumference of the second annulus 1028 in the 
first catalyst layer 1028. The cylindrical, stainless 
steel sweep gas tubes 1034 are installed in a 
concentric manner in the hydrogen-permeable tube 
1032. 

As shown in Figure 3, the tubular hydrogen- 
permeable tube 1032 (or 32) has a closed end and 
an external diameter of about 20 mm. The tube 
contains a supporting material made of stainless 
steel mesh 36. On top of the mesh is an inorganic 
porous layer 38 of woven stainless steel fabric, 
which carries the hydrogen-permeable metal mem- 
brane. A non-porous, Pd based alloy, hydrogen- 
permeable metal membrane 40 is coated on top of 
the fabric. 

Figure 42 shows that the upright combustion 
burner 1044 faces upward from the bottom 1042 of 
the inner cylinder space 1026. The combustion 
burner 1044 is connected to a fuel gas tube 1045 
and air intake tube 1047. 



Referring to Figures 42 and 43, the processes 
of hydrogen producing apparatus 1010 will be de- 
scribed in the following. The fuel gas enters the 
combustion burner 1044 via the fuel gas tube 1045, 

s and is burnt in air supplied by the air intake tube 
1047. The prescribed temperature is maintained by 
supplying to the first and second catalyst 1028 and 
1030 the heat energy necessary for the steam 
reforming reaction. Combustion gas passes through 

70 the space in the inner cylinder 1026 and the space 
created by the ceiling 1012 of the outermost outer 
cylinder 1014 and the annular connection section 
1022. The gas then moves through the first annulus 
1024 and exhausts via the combustion gas outlet 

75 1046. 

The process feed gas comprises either light 
hydrocarbons or a mixture of methanol gas and 
steam. The gas enters via the raw material gas 
inlet 1048 in the lower section of the third annulus 

20 1030. It flows into the third annulus 1030 and up 
through the second catalyst layer 1030. where it is 
converted into hydrogen at a high temperature. It 
then flows into the top of the first catalyst layer 
1028 of the second annulus 1028, where any pro- 

25 cess feed gas which has not reacted is converted 
into hydrogen. 

The generated hydrogen is selectively collect- 
ed through the hydrogen-permeable tube 1032 in- 
stalled in the first catalyst layer 1028 and flows, 

30 with the sweep gas, through the hydrogen outlet 
1052 in the lower section of the tube. 

The sweep gas is fed from the sweep gas inlet 
1050 in the lower part of the apparatus. The gas 
flows up through the dual tube space 1033 be- 

35 tween the sweep gas tube 1034 and the hydrogen- 
permeable tube 1032, and flows into the open top 
end of the sweep gas tube 1034, sweeping the 
hydrogen as it moves. The gas and generated 
hydrogen fall and flow out of the hydrogen outlet 

40 1052. By removing the hydrogen with sweep gas, 
the partial pressure of hydrogen on the after-per- 
meation side of the hydrogen-permeable tube 1032 
is suppressed. Steam and inert gas can be used as 
sweep gas. 

45 The generated CO and CO2, plus any raw 

material gas which has not reacted after passing 
through the first catalyst layer 1028, exit the sys- 
tem via the off gas outlet 1054. 

In this embodiment, the process feed gas 

50 passes through the high temperature catalyst layer 
1030 in the inner cylinder 1020 which forms the 
furnace. The gas is reformed into hydrogen at a 
high conversion rate, and is selectively collected 
through the hydrogen-permeable tube 1032 in the 

55 second annulus 1028. Any process feed gas which 
has not reacted is reformed in the reforming cata- 
lyst layer 1028 of the second annulus 1028, signifi- 
cantly improving the conversion efficiency for the 
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entire apparatus. 

Referring to Figures 44 to 46. embodiment 20 
will be described. Only those parts of these figures 
which are different from the hydrogen producing 
apparatus illustrated in Figures 42 and 43 will be 
explained. 

The inner cylinder space 1026 of hydrogen 
producing - apparatus 1010 of Figure 44 contains a 
cylindrical radiating body 1062 surrounding the up- 
right combustion burner 1044 flame. This cylin- 
drical radiating body 1062 has porous walls. The 
combustion burner 1044 gas permeates the porous 
wall and flows into the inner cylinder space 1026. 
The combustion gas heats the radiating body 1062 
during this process, resulting in a uniform overall 
temperature. The heated radiating bodies 1062 
evenly heat the reforming catalyst layer 1030, with 
almost uniform heat flux. 

The hydrogen producing apparatus 1010 in 
Figure 45 is a modification of the radiating bodies 
1062 of Figure 44. The radiating body assembly 
1062 shown in Figure 45 has a dual cylinder con- 
figuration and comprises an inner cylinder radiating 
body 1064 and outer cylinder radiating body 1066. 
The inner cylinder radiating body 1064 is in contact 
with the bottom 1042 of the inner cylinder 1020, 
but has gaps between it's upper part and the 
ceiling 1012 of the outermost outer cylinder 1014. 
The outer cylinder radiating body 1066 is in con- 
tact with the upper part of the ceiling 1012, and its 
lower section is separated from the bottom 442. 

The combustion burner 1044 gas flows up 
through the internal radiating body 1064, then 
moves downward through the annulus 1067 be- 
tween the internal radiating body 1064 and the 
external radiating body 1066. The gas flows from 
the lower part of the external radiating body 1066 
into the inner cylinder space 1026. The combustion 
gas heats up the inner cylinder radiating body 1064 
and the outer cylinder radiating body 1066 during 
this process, achieving a uniform overall tempera- 
ture. The heated internal radiating body 1064 and 
external radiating body 1066 heat the reforming 
catalyst layer 1030 with an almost uniform heat 
flux. 

The hydrogen producing apparatus 1010 in 
Figure 46 illustrates another modification of the 
radiating body 1062 in Figure 44. The radiating 
body 1062 in Figure 46 is cylindrical, and con- 
structed of fire resistant brick. There is a opening 
1068 between the lower section of the radiating 
body 1062 and the bottom 1042 of the hydrogen 
producing apparatus 1010. The upper section of 
the radiating body 1062 has a gap 1070 which is 
separated from the ceiling 1012 of the outermost 
cylinder 1014. 

The combustion gas flows up from the upright 
combustion burner 1044 though the radiating body 



1062, and is emitted from the gap 1070 in the 
upper section. A portion of the combustion gas 
moves down in the annulus 1072 between the inner 
cylinder 1020 and the radiating body 1060, and 

5 circulates by flowing into the radiating body 1062, 
via the opening 1068. The temperature of the ra- 
diating body 1062 is maintained at a uniform level 
by this process. The heated radiating body 1062 
heats the reforming catalyst layer 1030 in an even 

to manner, with almost uniform heat flux. 

The hydrogen producing apparatus 1010 in 
Figure 47 is a modification (embodiment 21) of the 
hydrogen producing apparatus 1010 in Figure 42. 
In this instance, a column shaped catalyst burner 

75 1082 is installed in the inner cylinder space 1026 
instead of a combustion burner. The catalyst bur- 
ner 1082 comprises a porous internal tube 1084 to 
introduce fuel gas and air, a mesh external tube 
1086 surrounding the internal tube, and a combus- 

20 tion catalyst layer 1088 between these tubes. 

Fuel gas burnt in the combustion catalyst layer 
1088 heats the catalyst burner 1082 to a uniform 
temperature. The heated catalyst burner 1082 
heats the reforming catalyst layer 1030 in an even 

25 manner, with almost uniform heat flux. 

A specific example for the seventh aspect of 
the invention will be described in the following. 

(1) Apparatus Structure 

30 

Figure 42 shows a hydrogen producing appara- 
tus 1010. The reaction apparatus in Figure 42 has 
an effective length of 600 mm and is structured as: 
inner cylinder 1020 (internal diameter 100 mm); 

35 intermediate cylinder 1018 (internal diameter 118 
mm); outer cylinder 1016 (internal diameter 175 
mm); outermost outer cylinder 1014 (internal diam- 
eter 190 mm); hydrogen-permeable tube 832 (ex- 
ternal diameter 20 mm); and sweep gas tube 1034 

40 (external diameter 6 mm). Fifteen upright hydro- 
gen-permeable tubes 32 are installed in the first 
catalyst layer of the second annulus 1028 in an 
equidistant manner around the circumference. 

Reforming catalyst A is a nickel based catalyst 

45 (average particle size: 2 mm in diameter). The 
furnace comprises an upright burner 1044, as 
shown in Figure 42. The outermost outer cylinder 
1014 is insulated with 200 mm thick rockwool to 
reduce heat discharge to the external atmosphere. 

50 

(2) Operating Conditions 

- Supply of raw material gas (town gas 1 3A) on 
the reformer side: 32.1 mole/h 

55 - Steam supplied in raw material gas on the 
reformer side: 1 .35 kg/h 

- Steam for reforming/raw material gas on the 
reformer side (mole ratio): 2.0 

29 
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- Reforming reaction temperature: 500 *C 

- Reforming reaction pressure: 6.03 kgf/cm 2 - 
abs. 

- Quantity of sweep gas (steam) supplied: 1.41 
kg/h 

- Sweep gas pressure: 1 .22 kgf/cm 2 -abs 
(3) Hydrogen Generation Test Results 

A reaction under these conditions produces 
123.0 mole/h of hydrogen, accompanied by sweep 
gas. CO impurity in the hydrogen is less than 1 
ppm. The conversion efficiency of hydrocarbons in 
the raw material gas is about 90%. 

In contrast, a conventional reformer which does 
not use 3 hydrogen-permeable tube is hampered 
by chemical equilibrium, based on the relationship 
between operating temperature and pressure, re- 
sulting in a conversion efficiency of 24% at this 
reaction temperature and pressure. 

Based on the above structures, the seventh 
aspect of the invention facilitates industrial-scale 
hydrogen production, economically producing high 
purity hydrogen, and has the following advantages: 

(a) The upward facing flame of the upright bur- 
ner improves the stability of the flame and en- 
ables the construction of a larger hydrogen pro- 
ducing apparatus. This structure also supports 
significant changes in processing quantity in one 
large apparatus. 

(b) The lower section of the hydrogen-perme- 
able tube is fixed, while its upper part is free. 
This reduces catalyst powdering caused by fric- 
tion between the hydrogen-permeable tube and 
the reforming catalyst layer occurring as a result 
of thermal expansion. This structure also elimi- 
nates destruction of the reforming catalyst caus- 
ed by pressure in the lower part of the layer 
which occurs when the upper section of the 
hydrogen-permeable tube is fixed. It is therefore 
possible to use reforming catalysts of relatively 
low strength and construct larger apparatuses 
by making the reforming catalyst layer taller. 

This hydrogen producing apparatus accord- 
ing to the seventh aspect of the invention has 
the above-mentioned advantages over conven- 
tional apparatuses with drooping combustion 
burners. In addition to the above mentioned 
advantages, the seventh aspect of the invention 
offers the following benefits which are common 
with corresponding apparatuses with drooping 
combustion burners. 

(c) The structure is simple and compact, com- 
prising multiple layered cylinders. The apparatus 
can be constructed with a small quantity of 
materials. 

(d) The heat capacity of the apparatus is small, 
as it is far lighter in weight than conventional 



multiple parallel reaction tube systems. The op- 
eration of the apparatus can be started and 
stopped quickly, and it has an excellent re- 
sponse to load changes. 

5 (e) The catalyst layer can be more uniformly 

heated, as heat is applied from both sides. Ra- 
dial thermal flux distribution is more uniform 
because of the structure of layered cylinders 
with a central furnace. This prevents the devel- 

to opment of hot spots where temperature may 
exceed the limit the hydrogen-permeable tubes 
can withstand. 

(f) The second catalyst layer generates hydro- 
gen but does not separate or collect it through a 

75 hydrogen-permeable tube. As a result the partial 
pressure of hydrogen in the generated gas rises 
at the outlet of the second catalyst layer, that is, 
at the inlet of the first catalyst layer. The con- 
sequent substance transfer propulsion force for 

20 the separation and collection of hydrogen by the 
hydrogen-permeable tube in the first catalyst 
layer enables the permeation area to be re- 
duced as a result of the increased separation 
speed. 

25 (g) The generated hydrogen collection efficiency 
is improved by the counter-flow substance 
transfer between the sweep gas in the hydro- 
gen-permeable tube and the reformed gas in the 
catalyst layer. 

30 (h) Separating and collecting the hydrogen 

through the hydrogen-permeable tube shifts the 
chemical equilibrium to the advantage of hy- 
drogen production. The reforming temperature 
can therefore be reduced 150-200{C below that 

35 of conventional systems. 

(i) The lower reaction temperature enables the 
use of inexpensive materials with lower heat 
resistance characteristics, thereby reducing con- 
struction costs. 

40 (j) Radiating bodies ensure the catalyst layer to 
be heated with a uniform temperature distribu- 
tion without any risk of overheating. 

Claims 

45 

1. A hydrogen producing apparatus in which hy- 
drogen produced from a steam reforming reac- 
tion is separated and collected by passing 
through a partitioning wall having selective per- 
50 meability to hydrogen, said apparatus compris- 

ing: 

an outer cylinder; 

an intermediate cylinder; 

an inner cylinder, the intermediate and in- 
55 ner cylinders being positioned within the outer 

cylinder in turn so as to be superimposed over 
one another; 

a combustion burner disposed toward the 
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inside of the inner cylinder; wherein the inter- 
mediate and inner cylinders are joined together 
at one end to form a closed circular portion, 
and a first annular space defined by the outer 
and intermediate cylinders is in communication 5 
with a inner cylinder inside space formed in- 
side the inner cylinder; 

a catalyst layer formed by filling a reform- 
ing catalyst in a second annular space defined 
by the intermediate and inner cylinders; io 

a hydrogen-permeable tube having hydro- 
gen permeability and disposed in the catalyst 
layer in the second annular space; and 

a sweep gas tube having an open end and 
disposed within the hydrogen-permeable tube; 15 

whereby a raw material gas is introduced 
into the reforming catalyst layer in the second 
annular space so as to convert the raw ma- 
terial gas into hydrogen at a high temperature, 
the produced hydrogen permeates the hydro- 20 
gen-permeable tube so as to be selectively 
separated and collected, and the hydrogen 
having permeated is accompanied by sweep 
gas to be conducted out of the apparatus. 

25 

A hydrogen producing apparatus in which hy- 
drogen produced from a steam reforming reac- 
tion is separated and collected by passing 
through a partitioning wall having selective per- 
meability to hydrogen, said apparatus compris- 30 
ing: 

an upright outer cylinder having a closed 
bottom; 

an intermediate cylinder and an inner cyl- 
inder disposed inside the outer cylinder in an 35 
upright and superimposed manner, the inner 
cylinder being disposed inside the intermedi- 
ate cylinder; 

a drooping combustion burner located on a 
ceiling wall of the inner cylinder; wherein the 40 
inner and intermediate cylinders define an in- 
ner annular space and an annular bottom with 
lower ends of the inner and intermediate cyl- 
inders being joined together, and the outer and 
intermediate cylinders define an outer annular 45 
space which is in communication with an inner 
cylinder inside space formed inside the inner 
cylinder at bottom portions of the cylinders; 

a catalyst layer formed by filling a 
reforming catalyst in the inner annular space; so 

a plurality of hydrogen-permeable tubes 
having a hydrogen-permeable metal mem- 
brane on an inorganic porous layer, and the 
hydrogen-permeable cylinders being disposed 
in the inner annular space in an upright man- 55 
ner arranged along a circumference of the 
inner annular space; and 

a sweep gas tube having an open lower 



end and disposed within each of the hydrogen- 
permeable tubes; 

whereby a raw material gas is introduced 
from a bottom of the inner annular space and 
flows upward in the reforming catalyst layer, so 
that the gas is converted into hydrogen at a 
high temperature, the produced hydrogen per- 
meates the hydrogen-permeable tube and is 
selectively separated and collected, and the 
hydrogen having permeated is accompanied 
by sweep gas introduced from an upper por- 
tion of an annular space defined between the 
hydrogen-permeable tube and a sweep gas 
tube to be conducted through the sweep gas 
tube out of the apparatus from a top portion of 
the sweep gas tube. 

3. The apparatus claimed in claim 2, wherein the 
hydrogen-permeable metal membrane is a 
non-porous thin film made of an alloy contain- 
ing at least one element chosen from the 
group of Pd, Ni, and V. 

4. The apparatus claimed in claim 2, wherein a 
cylindrical radiating body is disposed in the 
inner cylinder inside space so as to surround a 
frame of the combustion burner. 

5. The apparatus claimed in claim 4, wherein the 
radiating body has a porous wall. 

6. The apparatus claimed in claim 4, wherein the 
radiating body is a dual cylindrical structure 
which comprises an inner cylindrical radiating 
body and an outer cylindrical radiating body, 
whereby a combustion gas from the combus- 
tion burner flows downward inside the inner 
cylindrical radiating body, then upward in an 
annular space formed between the inner and 
outer cylindrical radiating bodies, and then 
downward in an annular space between the 
outer cylindrical radiating body and the inner 
cylinder. 

7. The apparatus claimed in claim 4, wherein the 
radiating body is cylindrical; an upper end of 
the radiating body is spaced apart from the 
ceiling wall of the inner cylinder; and a lower 
part of the radiating body has an opening; 
whereby a combustion gas from the combus- 
tion burner flows downward inside the radiating 
body, and a part of the combustion gas flows 
upward in an annular space between the inner 
cylinder and the radiating body via the opening 
and then downward again inside the radiating 
body via a gap between the upper end of the 
radiating body and the ceiling wall of the inner 
cylinder, so that the combustion gas circulates 
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inside and outside the radiating body. 

8. The apparatus claimed in claim 2, wherein a 
columnar catalytic combustor is disposed in 
the inner cylinder inside space in place of the 
combustion burner. 

9. The apparatus claimed in claim 2, wherein 
instead of using the sweep gas for collecting 
permeated hydrogen, a suction pump is dis- 
posed on an after-permeation side of the hy- 
drogen-permeable tube so as to collect the 
hydrogen by suction. 

10. The apparatus claimed in claim 2, wherein the 
apparatus is designed so that flows of the raw 
material gas and the sweep gas are reversed. 

11. A hydrogen producing apparatus, in which hy- 
drogen produced from a steam reforming reac- 
tion is separated and collected by passing 
through a partitioning wall having selective per- 
meability to hydrogen, said apparatus compris- 
ing: 

an upright outer cylinder having a closed 
bottom; 

an intermediate cylinder and an inner cyl- 
inder disposed inside the outer cylinder in an 
upright and superimposed manner, the inner 
cylinder being disposed inside the intermedi- 
ate cylinder; 

a drooping combustion burner located on a 
ceiling wall of the inner cylinder; 

a first annular space defined by the outer 
and intermediate cylinders being in commu- 
nication with an inner cylinder inside space 
formed inside the inner cylinder at bottom por- 
tions thereof, and the intermediate cylinder and 
the inner cylinder defining a second annular 
space having a closed annular bottom formed 
by joining lower ends of the intermediate and 
inner cylinders; 

a catalyst layer formed by filling a reform- 
ing catalyst in the second annular space; 
wherein a double-walled hydrogen-permeable 
cylinder has a hydrogen-permeable metal 
membrane on an inorganic porous layer and 
has outer, inner, and annular-bottom walls so 
as to form a third annular space, and the 
double-walled hydrogen-permeable tubes is 
disposed in the catalyst layer in an annular 
manner within the second annular space and in 
a substantially upright manner; 

a sweep gas tube having an open lower 
end and disposed in the third annular space; 

whereby a raw material gas is introduced 
from a top of the second annular space and 
flows downward in the reforming catalyst layer. 



so that the gas is converted into hydrogen at a 
high temperature, the produced hydrogen per- 
meates the double-walled hydrogen-permeable 
tube and is selectively separated and collect- 

5 ed, and the hydrogen having permeated is 

accompanied by sweep gas introduced from 
an upper portion of an annular space defined 
between the hydrogen-permeable tube and a 
sweep gas tube to be conducted through the 

io sweep gas tube out of the apparatus from a 

top portion of the sweep gas tube. 

12. The apparatus claimed in claim 11, wherein in 
place of the sweep gas tube having an open 

75 lower end, an annular pipe header having a 

plurality of penetrating holes on a header wall 
is disposed along the annular bottom wall of 
the double-walled hydrogen-permeable cylin- 
der; 

20 the lower end of the sweep gas tube is 

connected to the annular pipe header; 

the catalyst layer in the second annular 
space is divided into an inner catalyst layer 
between the inner cylinder and the inner wall 

25 of the double-walled hydrogen-permeable cyl- 

inder, and an outer catalyst layer between the 
intermediate cylinder and the outer wall of the 
double-walled hydrogen-permeable cylinder; 
the raw material gas is introduced from an 

30 upper portion of the inner catalyst layer so that 

the gas flows downward in the inner catalyst 
layer and upward in the outer catalyst layer for 
conversion of the raw material gas into hy- 
drogen at a high temperature; 

35 generated hydrogen is allowed to perme- 

ate selectively for separation and collection of 
hydrogen; 

the sweep gas introduced from an upper 
portion of the third annular space accompanies 
40 permeated hydrogen to the sweep gas tube via 

the penetrating holes of the annular pipe head- 
er, so that the hydrogen is exhausted from an 
upper portion of the apparatus together with 
the sweep gas. 

45 

13. The apparatus claimed in claim 11, wherein in 
place of the sweep gas tube having an open 
lower end, a cylindrical partition wall is dis- 
posed in the third annular space of the double- 
so walled hydrogen-permeable cylinder in an con- 
centric manner with some spacing between a 
lower end of the partition wall and the annular 
bottom wall of the double-walled hydrogen- 
permeable cylinder; 

55 the catalyst layer in the second annular 

space is divided into an inner catalyst layer 
between the inner cylinder and the inner wall 
of the double-walled hydrogen-permeable cyl- 
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inder, and an outer catalyst layer between the 
intermediate cylinder and the outer wall of the 
double-walled hydrogen-permeable cylinder; 

the raw material gas is introduced from an 
upper portion of the inner catalyst layer so that 
the gas flows downward in the inner catalyst 
layer and upward in the outer catalyst layer for 
conversion of the raw material gas into hy- 
drogen at a high temperature; 

generated hydrogen is allowed to perme- 
ate selectively for separation and collection of 
hydrogen; 

the sweep gas introduced from an upper 
portion of an annular space between the outer 
wall of the double-walled hydrogen-permeable 
cylinder and the partition wall accompanies 
permeated hydrogen so that the hydrogen and 
the sweep gas flow out together from an upper 
portion of an annular space formed between 
the partition wall and the inner wall of the 
double-walled hydrogen-permeable cylinder. 

14. The apparatus claimed in claim 11, wherein 
the hydrogen-permeable metal membrane is a 
non-porous thin film made of an alloy contain- 
ing at least one element chosen from the 
group of Pd, Ni, and V. 

15. The apparatus claimed in claim 11, wherein 
instead of using the sweep gas for collecting 
permeated hydrogen, a suction pump is dis- 
posed on an after-permeation side of the hy- 
drogen-permeable tube so as to collect the 
hydrogen by suction. 

16. The apparatus claimed in claim 11, wherein 
the apparatus is designed so that flows of the 
raw material gas and the sweep gas are re- 
versed. 

17. A hydrogen producing apparatus, in which hy- 
drogen produced from a steam reforming reac- 
tion is separated and collected by passing 
through a partitioning wall having selective per- 
meability to hydrogen, said apparatus compris- 
ing: 

an upright outermost cylinder having a 
closed bottom; 

an outer cylinder, an intermediate cylinder 
and an inner cylinder disposed inside the out- 
ermost cylinder in an upright and superim- 
posed manner, the inner cylinder being located 
inside the intermediate cylinder, the intermedi- 
ate cylinder being located inside the outer cyl- 
inder, and the inner cylinder and the outer 
cylinder being joined together at their bottom 
ends so as to form a closed annular bottom; 

a drooping combustion burner located on a 



ceiling wall of the inner cylinder; 

a first annular space defined by the out- 
ermost and outer cylinders being in commu- 
nication with an inner cylinder inside space 

5 formed inside the inner cylinder at bottom por- 

tions thereof, and a second annular space de- 
fined by the outer and intermediate cylinders 
being in communication with a third annular 
space defined by the intermediate and inner 

w cylinders at bottom portions thereof; 

a catalyst layer formed by filling a reform- 
ing catalyst in the third annular space; wherein 
a plurality of hydrogen-permeable cylinders 
has a hydrogen-permeable metal membrane 

is on an inorganic porous layer, and the hy- 

drogen-permeable cylinders is disposed in the 
third annular space in an upright manner ar- 
ranged along a circumference of the third an- 
nular space; and 

20 a sweep gas tube having an open lower 

end and disposed in each hydrogen-permeable 
tube; 

whereby a raw material gas is introduced 
from a top of the second annular space and 

25 conducted into the reforming catalyst layer in 

the third annular space from a bottom thereof, 
so that the gas is converted into hydrogen at a 
high temperature, the produced hydrogen per- 
meates the hydrogen-permeable tube and is 

30 selectively separated and collected, and the 

hydrogen having permeated is accompanied 
by sweep gas introduced from an upper por- 
tion of an annular space defined between the 
hydrogen-permeable tube and a sweep gas 

35 tube to be conducted through the sweep gas 

tube out of the apparatus from a top portion of 
the sweep gas tube. 

18. The apparatus claimed in claim 17, wherein 
40 the hydrogen-permeable metal membrane is a 

non-porous thin film made of an alloy contain- 
ing at least one element chosen from the 
group of Pd, Ni, and V. 

45 19. The apparatus claimed in claim 17, wherein a 
cylindrical radiating body is disposed in the 
inner cylinder inside space so as to surround a 
frame of the combustion burner. 

so 20. The apparatus claimed in claim 19, wherein 
the radiating body has a porous wall. 

21. The apparatus claimed in claim 19, wherein 
the radiating body is a dual cylindrical struc- 
55 ture which comprises an inner cylindrical ra- 

diating body and an outer cylindrical radiating 
body, whereby a combustion gas from the 
combustion burner flows downward inside the 
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inner cylindrical radiating body, then upward in 
an annular space formed between the inner 
and outer cylindrical radiating bodies, and then 
downward in an annular space between the 
outer cylindrical radiating body and the inner 5 
cylinder. 

22. The apparatus claimed in claim 19, wherem 
the radiating body is cylindrical; an upper end 
of the radiating body is spaced apart from the 10 
ceiling wall of the inner cylinder; and an lower 
part of the radiating body has an opening; 
whereby a combustion gas from the combus- 
tion burner flows downward inside the radiating 
body, and a part of the combustion gas flows 75 
upward in an annular space between the inner 
cylinder and the radiating body via the open- 
ing, and then downward again inside the ra- 
diating body via a gap between the upper end 
of the radiating body and the ceiling wall of the 20 
inner cylinder, so that the combustion gas cir- 
culates inside and outside the radiating body. 

23. The apparatus claimed in claim 17, wherein a 
columnar catalytic combustor is disposed in 25 
the inner cylinder inside space in place of the 
combustion burner. 

24. The apparatus claimed in claim 17, wherein 
instead of using the sweep gas for collecting 30 
permeated hydrogen, a suction pump is dis- 
posed on an after-permeation side of the hy- 
drogen-permeable tube so as to collect the 
hydrogen by suction. 

35 

25. The apparatus claimed in claim 17, wherein 
the apparatus is designed so that flows of the 
raw material gas and the sweep gas are re- 
versed. 



26. A hydrogen producing apparatus, in which hy- 
drogen produced from a steam reforming reac- 
tion is separated and collected by passing 
through a partitioning wall having selective per- 
meability to hydrogen, said apparatus compris- 
ing: 

an upright outermost cylinder having a 
closed bottom; 

an outer cylinder, an intermediate cylinder 
and an inner cylinder disposed inside the out- 
ermost cylinder in an upright and superim- 
posed manner, the inner cylinder being located 
inside the intermediate cylinder, the intermedi- 
ate cylinder being located inside the outer cyl- 
inder, and the inner cylinder and the outer 
cylinder being joined together at their bottom 
ends so as to form a closed annular bottom; 

a drooping combustion burner located on a 



ceiling wall of the inner cylinder; wherein a first 
annular space defined by the outermost and 
outer cylinders is in communication with an 
inner cylinder inside space formed inside the 
inner cylinder at bottom portions thereof, and a 
second annular space defined by the outer and 
intermediate cylinders is in communication 
with a third annular space defined by the inter- 
mediate and inner cylinders at bottom portions 
thereof; 

first and second catalyst layers formed by 
filling a reforming catalyst in the second and 
third annular spaces, respectively; 

a plurality of hydrogen-permeable cylin- 
ders having a hydrogen-permeable metal 
membrane on an inorganic porous layer, the 
hydrogen-permeable cylinders being disposed 
in the third annular space in an upright manner 
arranged along a circumference of the third 
annular space; and 

a sweep gas tube having an open lower 
end and disposed in each hydrogen-permeable 
tube; 

whereby a raw material gas is introduced 
from a top of the third annular space and flows 
downward in the second catalyst layer, so that 
the gas is converted into hydrogen at a high 
temperature, and subsequently the raw ma- 
terial gas is conducted into the first catalyst 
iayer so that an unreacted portion of the gas is 
converted into hydrogen, the produced hydro- 
gen permeates the hydrogen-permeable tube 
and is selectively separated and collected, and 
the hydrogen having permeated is accompa- 
nied by sweep gas introduced from an upper 
portion of an annular space defined between 
the hydrogen-permeable tube and a sweep 
gas tube to be conducted through the sweep 
gas tube out of the apparatus from a top 
portion of the sweep gas tube. 

27. The apparatus claimed in claim 26, wherein 
the hydrogen-permeable metal membrane is a 
non-porous thin film made of an alloy contain- 

45 ing at least one element chosen from the 

group of Pd, Ni, and V. 

28. The apparatus claimed in claim 26, wherein a 
cylindrical radiating body is disposed in the 

50 inner cylinder inside space so as to surround a 

frame of the combustion burner. 

29. The apparatus claimed in claim 28, wherein 
the radiating body has a porous wall. 

55 

30. The apparatus claimed in claim 28, wherein 
the radiating body is a dual cylindrical struc- 
ture which comprises an inner cylindrical ra- 
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diating body and an outer cylindrical radiating 
body, whereby a combustion gas from the 
combustion burner flows downward inside the 
inner cylindrical radiating body, then upward in 
an annular space formed between the inner 5 
and outer cylindrical radiating bodies, and then 
downward in an annular space between the 
outer cylindrical radiating body and the inner 
cylinder. 

w 

31. The apparatus claimed in claim 28, wherein 
the radiating body is cylindrical; an upper end 
of the radiating body is spaced apart from the 
ceiling wall of the inner cylinder, and an lower 
part of the radiating body has an opening; 75 
whereby a combustion gas from the combus- 
tion burner flows downward inside the radiating 
body, and a part of the combustion gas flows 
upward in an annular space between the inner 
cylinder and the radiating body via the open- 20 
ing, and then downward again inside the ra- 
diating body via a gap between the upper end 
of the radiating body and the ceiling wall of the 
inner cylinder, so that the combustion gas cir- 
culates inside and outside the radiating body. 25 

32. The apparatus claimed in claim 26, wherein a 
columnar catalytic combustor is disposed in 
the inner cylinder inside space in place of the 
combustion burner. 30 

33. The apparatus claimed in claim 26, wherein 
instead of using the sweep gas for collecting 
permeated hydrogen, a suction pump is dis- 
posed on an after-permeation side of the hy- 35 
drogen-permeable tube so as to collect the 
hydrogen by suction. 



34. A hydrogen producing apparatus, in which hy- 
drogen produced from a steam reforming reac- 
tion is separated and collected by passing 
through a partitioning wall having selective per- 
meability to hydrogen, said apparatus compris- 
ing: 

an upright outer cylinder closed at a top 
thereof with a ceiling wall; 

an intermediate cylinder and an inner cyl- 
inder disposed inside the outer cylinder in an 
upright and superimposed manner, the inner 
cylinder being located inside the intermediate 
cylinder; 

an upright combustion burner located on 
the bottom wall of the inner cylinder, the bur- 
ner producing upwardly directed flame; 
wherein the intermediate and inner cylinders 
define an inner annular space and form a close 
annular connecting top portion with top ends of 
the intermediate and inner cylinder being 



joined together, and an outer annular cylinder 
defined by the outer and intermediate cylin- 
ders is in communication with an inner cylinder 
inside space formed inside the inner cylinder 
at top portions thereof; 

a catalyst layer formed by filling a reform- 
ing catalyst in the inner annular spaces; 

a plurality of hydrogen-permeable cylin- 
ders having a hydrogen-permeable metal 
membrane on an inorganic porous layer, the 
hydrogen-permeable cylinders being disposed 
in the catalyst layer in a substantially upright 
manner arranged along a circumference of the 
inner annular space; and 

a sweep gas tube having an open upper 
end and disposed in each hydrogen-permeable 
tube; 

whereby a raw material gas is introduced 
from a top of the inner annular space and flows 
downward in the catalyst layer, so that the gas 
is converted into hydrogen at a high tempera- 
ture, the produced hydrogen permeates the 
hydrogen-permeable tube and is selectively 
separated and collected, and the hydrogen 
having permeated is accompanied by sweep 
gas introduced from a lower portion of an 
annular space defined between the hydrogen- 
permeable tube and a sweep gas tube to be 
conducted through the sweep gas tube out of 
the apparatus from a bottom portion of the 
sweep gas tube. 

35. The apparatus claimed in claim 34, wherein 
the hydrogen-permeable metal membrane is a 
non-porous thin film made of an alloy contain- 
ing at least one element chosen from the 
group of Pd, Ni, and V. 

36. The apparatus claimed in claim 34, wherein a 
40 cylindrical radiating body is disposed in the 

inner cylinder inside space so as to surround a 
frame of the combustion burner. 

37. The apparatus claimed in claim 36, wherein 
45 the radiating body has a porous wall. 

38. The apparatus claimed in claim 36, wherein 
the radiating body is a dual cylindrical struc- 
ture which comprises an inner cylindrical ra- 

50 diating body and an outer cylindrical radiating 

body, whereby a combustion gas from the 
combustion burner flows upward inside the in- 
ner cylindrical radiating body, then downward 
in an annular space formed between the inner 

55 and outer cylindrical radiating bodies, and then 

upward in an annular space between the outer 
cylindrical radiating body and the inner cyl- 
inder 
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39. The apparatus claimed in claim 36, wherein 
the radiating body is cylindrical; an upper end 
of the radiating body is spaced apart from the 
ceiling wall of the inner cylinder to have a gap 
therebetween; and an lower pari of the radiat- 
ing body has an opening; whereby a combus- 
tion gas from the combustion burner flows 
upward inside the radiating body to pass 
through the gap, and a part of the combustion 
gas flows downward in an annular space be- 
tween the inner cylinder and the radiating 
body, and then upward again inside the radiat- 
ing body via the opening in the lower part of 
the radiating body, so that the combustion gas 
circulates inside and outside the radiating 
body. 

40. The apparatus claimed in claim 34, wherein a 
columnar catalytic combustor is disposed in 
the inner cylinder inside space in place of the 
combustion burner. 

41. The apparatus claimed in claim 34, wherein 
instead of using the sweep gas for collecting 
permeated hydrogen, a suction pump is dis- 
posed on an after-permeation side of the hy- 
drogen-permeable tube so as to collect the 
hydrogen by suction. 

42. The apparatus claimed in claim 34, wherein 
the apparatus is designed so that flows of the 
raw material gas and the sweep gas are re- 
versed. 

43. A hydrogen producing apparatus, in which hy- 
drogen produced from a steam reforming reac- 
tion is separated and collected by passing 
through a partitioning wall having selective per- 
meability to hydrogen, said apparatus compris- 
ing: 

an upright outer cylinder closed at a top 
thereof with a ceiling wall; 

an intermediate cylinder and an inner cyl- 
inder disposed inside the outer cylinder in an 
upright and superimposed manner, the inner 
cylinder being inside the intermediate cylinder; 

an upright combustion burner located on 
the bottom waif of the inner cylinder, the bur- 
ner producing upwardly directed flame; 
wherein a first annular space defined by the 
outer and intermediate cylinders is in commu- 
nication with an inner cylinder inside space 
formed inside the inner cylinder at top portions 
thereof, and the intermediate and inner cyl- 
inders define a second annular space having a 
closed annular top formed by joining upper 
ends of the intermediate and inner cylinders; 

a catalyst layer formed by filling a reform- 



ing catalyst in the second annular space; 

a double-walled hydrogen-permeable cyl- 
inder having a hydrogen-permeable metal 
membrane on an inorganic porous layer and 
having outer, inner, and annular-top walls so as 
to form a third annular space, the double- 
walled hydrogen-permeable tubes being dis- 
posed in the catalyst layer in an annular man- 
ner within the second annular space and in a 
substantially upright manner; 

a sweep gas tube having an open upper 
end and disposed in the third annular space; 

whereby a raw material gas is introduced 
from a lower portion of the second annular 
space and flows upward in the reforming cata- 
lyst layer, so that the gas is converted into 
hydrogen at a high temperature, the produced 
hydrogen permeates the double-walled hydro- 
gen-permeable tube and is selectively sepa- 
rated and collected, and the hydrogen having 
permeated is accompanied by sweep gas in- 
troduced from a lower portion of an annular 
space defined between the hydrogen-perme- 
able tube and a sweep gas tube to be con- 
ducted through the sweep gas tube out of the 
apparatus from a bottom portion of the sweep 
gas tube. 

44. The apparatus claimed in claim 43, wherein in 
place of the sweep gas tube having an open 
lower end, an annular pipe header having a 
plurality of penetrating holes on a header wall 
is disposed along the annular top wall of the 
double-walled hydrogen-permeable cylinder; 

the upper end of the sweep gas tube is 
connected to the annular pipe header; 

the catalyst layer in the second annular 
space is divided into an inner catalyst layer 
between the inner cylinder and the inner wall 
of the double-walled hydrogen-permeable cyl- 
inder, and an outer catalyst layer between the 
intermediate cylinder and the outer wall of the 
double-walled hydrogen-permeable cylinder; 

the raw material gas is introduced from a 
lower portion of the inner catalyst layer so that 
the gas flows upward in the inner catalyst layer 
and downward in the outer catalyst layer for 
conversion of the raw material gas into hy- 
drogen at a high temperature; 

generated hydrogen is allowed to perme- 
ate selectively for separation and collection of 
hydrogen; 

the sweep gas introduced from a lower 
portion of the third annular space accompanies 
permeated hydrogen to the sweep gas tube via 
the penetrating holes of the annular pipe head- 
er, so that the hydrogen is exhausted from a 
lower portion of the apparatus together with the 
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sweep gas. 

45. The apparatus claimed in claim 43, wherein in 
place of the sweep gas tube having an open 
lower end, a cylindrical partition wall is dis- 5 
posed in the third annular space of the double- 
walled hydrogen-permeable cylinder in an con- 
centric manner with some spacing between an 
upper end of the partition wall and the annular 

top wall of the double-walled hydrogen-per- io 
meable cylinder; 

the catalyst layer in the second annular 
space is divided into an inner catalyst layer 
between the inner cylinder and the inner wail 
of the double-walled hydrogen-permeable cyl- is 
inder, and an outer catalyst layer between the 
intermediate cylinder and the outer wall of the 
double-walled hydrogen-permeable cylinder; 

the raw material gas is introduced from a 
lower portion of the inner catalyst layer so that 20 
the gas flows upward in the inner catalyst layer 
and downward in the outer catalyst layer for 
conversion of the raw material gas into hy- 
drogen at a high temperature; 

generated hydrogen is allowed to perme- 25 
ate selectively for separation and collection of 
hydrogen; 

the sweep gas introduced from a lower 
portion of an annular space between the outer 
wall of the double-walled hydrogen-permeable 30 
cylinder and the partition wall accompanies 
permeated hydrogen so that the hydrogen and 
the sweep gas flow out together from a lower 
portion of an annular space formed between 
the partition wall and the inner wall of the 35 
double-walled hydrogen-permeable cylinder. 

46. The apparatus claimed in claim 43, wherein 
the hydrogen-permeable metal membrane is a 
non-porous thin film made of an alloy contain- 40 
ing at least one element chosen from the 
group of Pd, Ni, and V. 

47. The apparatus claimed in claim 43, wherein 
instead of using the sweep gas for collecting 45 
permeated hydrogen, a suction pump is dis- 
posed on an after-permeation side of the hy- 
drogen-permeable tube so as to collect the 
hydrogen by suction. 

50 

48. The apparatus claimed in claim 43, wherein 
the apparatus is designed so that flows of the 
raw material gas and the sweep gas are re- 
versed. 

55 

49. A hydrogen producing apparatus, in which hy- 
drogen produced from a steam reforming reac- 
tion is separated and collected by passing 



through a partitioning wall having selective per- 
meability to hydrogen, said apparatus compris- 
ing: 

an upright outer cylinder closed at a top 
thereof with a ceiling wall; 

an outer cylinder, an intermediate cylinder, 
and an inner cylinder disposed inside the out- 
ermost cylinder in an upright and superim- 
posed manner, the inner cylinder being located 
inside the intermediate cylinder, the intermedi- 
ate cylinder being located inside the outer cyl- 
inder, and the inner cylinder and the outer 
cylinder being joined together at their bottom 
ends so as to form a closed annular bottom; 

an upright combustion burner located on 
the ceiling wall of the inner cylinder, the burner 
producing upwardly directed flame; wherein a 
first annular space defined by the outermost 
and outer cylinders is in communication with 
an inner cylinder inside space formed inside 
the inner cylinder at top portions thereof, and a 
second annular space defined by the outer and 
intermediate cylinders is in communication 
with a third annular space defined by the inter- 
mediate and inner cylinders at top portions 
thereof; 

first and second catalyst layers formed by 
filling a reforming catalyst in the second and 
third annular spaces, respectively; 

a plurality of hydrogen-permeable cylin- 
ders having a hydrogen-permeable metal 
membrane on an inorganic porous layer, the 
hydrogen-permeable cylinders being disposed 
in the third annular space in an upright manner 
arranged along a circumference of the third 
annular space; and 

a sweep gas tube having an open upper 
end and disposed in each hydrogen-permeable 
tube; 

whereby a raw material gas is introduced 
from a lower portion of the third annular space 
and flows upward in the second catalyst layer, 
so that the gas is converted into hydrogen at a 
high temperature, and subsequently the raw 
material gas is conducted into the first catalyst 
layer so that an unreacted portion of the gas is 
converted into hydrogen, the produced hydro- 
gen permeates the hydrogen-permeable tube 
and is selectively separated and collected, and 
the hydrogen having permeated is accompa- 
nied by sweep gas introduced from a lower 
portion of an annular space defined between 
the hydrogen-permeable tube and a sweep 
gas tube to be conducted through the sweep 
gas tube out of the apparatus from a bottom 
portion of the sweep gas tube. 
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50. The apparatus claimed in claim 49, wherein 
the hydrogen-permeable metal membrane is a 
non-porous thin film made of an alloy contain- 
ing at least one element chosen from the 
group of Pd, Ni, and V. 5 

51. The apparatus claimed in claim 49, wherein a 
cylindrical radiating body is disposed in the 
inner cylinder inside space so as to surround a 
frame of the combustion burner. w 

52. The apparatus claimed in claim 51, wherein 
the radiating body has a porous wall. 

53. The apparatus claimed in claim 51, wherein 75 
the radiating body is a dual cylindrical struc- 
ture which comprises an inner cylindrical ra- 
diating body and an outer cylindrical radiating 
body, whereby a combustion gas from the 
combustion burner flows downward inside the 20 
inner cylindrical radiating body, then upward in 

an annular space formed between the inner 
and outer cylindrical radiating bodies, and then 
downward in an annular space between the 
outer cylindrical radiating body and the inner 25 
cylinder. 

54. The apparatus claimed in claim 49, wherein 
the radiating body is cylindrical; an upper end 

of the radiating body is spaced apart from the 30 
ceiling wall of the outermost cylinder to have a 
gap therebetween; and an lower part of the 
radiating body has an opening; whereby a 
combustion gas from the combustion burner 
flows upward inside the radiating body to pass 35 
through the gap, and a part of the combustion 
gas flows downward in an annular space be- 
tween the inner cylinder and the radiating 
body, and then upward again inside the radiat- 
ing body via the opening in the lower end of 40 
the radiating body, so that the combustion gas 
circulates inside and outside the radiating 
body. 

55. The apparatus claimed in claim 49, wherein a 45 
columnar catalytic combustor is disposed in 

the inner cylinder inside space in place of the 
combustion burner. 

56. The apparatus claimed in claim 49, wherein so 
instead of using the sweep gas for collecting 
permeated hydrogen, a suction pump is dis- 
posed on an after-permeation side of the hy- 
drogen-permeable tube so as to collect the 
hydrogen by suction. 55 
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